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Abstract 
Plant growth occurs by cell expansion, which requires modification of the cell wall 
constituents, especially hemicelluloses. Fundamental processes thought to underlie 
cell expansion have been studied in the presented work using maize cell-suspension 
cultures as a model for graminaceous monocots. 
Studying synthesis and breakdown of hemicelluloses in primary cell walls was 
possible by pulse-labelling the cultures with L-[1- 3H]arabinose. The 'careers' of 
[3H]xylan and [3H]xyloglucan molecules, the polymers of principal interest, were 
charted over a 7-d period. Time-dependent changes in quantity and Mr of [3H]xylan 
and [3H]xyloglucan were monitored in each of three separate compartments: 
protoplasmic, cell wall and surrounding medium. 
A method was developed to separate protoplasmic contents from the cell wall 
without causing polymer degradation. Alkali treatment (6 M NaOH at 37°C) was 
shown then to solubilise essentially all remaining (wall-bound) 3H-polymers. Gel-
permeation chromatography (GPC) on Sepharose CL-4B was used to size-fractionate 
the isolated 3H-polymers. Alkali treatments, similar to those employed to extract 
wall-bound 3H-hemicellulose, were found to minimise aggregation of xylan and 
xyloglucan caused by sample storage and such treatments were applied to 3H-
polymers from each of the cell compartments. GPC-fractionated 3H-polymers were 
Driselase-digested to diagnostic 3H-fragments; maximisation of [3H]xylan 
susceptibility to Driselase required an acid pre-treatment. The data presented 
illustrate the synthesis and subsequent secretion of 3H-polymers from the protoplasm 
to the cell wall, where they become integrated before subsequent degradation or 
sloughing to the culture medium. Protoplasmic [3H]xylan and [3H]xyloglucan were 
polymerised from 40 kDa to 2 MIDa before secretion to the cell wall, where the 
hemicelluloses further increased in size to over 2 MIN. Within the medium, 
[3H]xylan and [3H]xyloglucan were approximately 1-2 MDa until 2 d after the onset 
of 3H-labelling, when they dramatically increased in size, probably due to phenolic 
coupling. The Mr values observed were much higher than reported for rose 
hemicellulose (Thompson and Fry, 1997). 
xiii 
Attempts to 'disaggregate' the very high-Mi wall-bound 3H-hemicelluloses, using 
different GPC eluents, alkali and enzymic digestion, were unsuccessful. Alkali, 
however, was successful in 'disaggregating' the very high-M r soluble extracellular 
[3H]xylan and [3H]xyloglucan, suggesting that alkali-labile bonds, more resistant 
than feruloyl esters, play a significant part in the extracellular cross-linking of xylan 
and xyloglucan. The in vivo formation of high-Mr complexes of soluble extracellular 
3H-polysaccharides (SEPs) was delayed by sinapic acid, chiorogenic acid and rutin 
but promoted by ferulic acid and tyrosine: these data support a role for phenolic 
groups in the extracellular cross-linking of hemicelluloses. 
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I Introduction 
Plant cell walls consist of a highly complex collection of polysaccharides whose 
interaction both with each other and with cell wall enzymes is at the core of 
understanding how growth by cell expansion occurs. The plant cell wall, which 
dictates the shape and size of cells, allows cell expansion to take place in a controlled 
manner without compromising structural integrity. Additional functions of the plant 
cell wall include the control of macromolecule movement to and from the cell and an 
important defensive role against bacterial and fungal infection (Brett and Waldron, 
1996). 
Understanding fundamental changes undergone by wall components which are 
modified during cell expansion is crucial if the growth of economically important 
plants such as grasses and cereals is to be understood. This means that the 
composition and assembly of the cell wall must also be elucidated. 
1.1 Primary cell walls (PCWs) 
Knowledge of primary cell walls (PCWs), rather than of secondary cell walls 
(SCWs), is required when investigating cell expansion as PCWs are the only walls 
present during cell expansion. The composition of SCWs may be absent or variable 
owing to differentiation and specialisation between tissues. 
Plant PCWs can be classified into three discrete groups: those found in dicotyledons 
(dicots), non-graminaceous monocotyledons (monocots) and graminaceous 
monocotyledons respectively. Graminaceous monocots have distinctly different 
PCWs from dicots and non-graminaceous monocots, and therefore, maize cell-
suspension cultures have been employed in the present project as they are 
representative of graminaceous monocot PCWs. 
1 
1.1.1 Composition of PCWs of graminaceous monocots 
There are two phases in plant PCWs: the microfibnllar phase and the matrix or 
amorphous phase. The microfibnllar phase consists of cellulose microfibnls whereas 
the matrix phase encompasses a complex collection of diverse hemicellulosic and 
pectic polysaccharides, proteins and phenolic compounds. 
1.1.1.1 Cellulose 
Cellulose, a linear (1-4)-linked 13-D-glucan, accounts for 20-30% of dry mass of the 
PCW (Bacic et al., 1988; Varner and Lin, 1989). The cellulose of PCWs has a lower 
and less uniform degree of polymerisation, as well as a lower degree of crystallinity, 
than that of secondary cell walls (Bacic et al., 1988; McNeil et al., 1984). 
Microfibnls form following the aggregation of 30-100 cellulose chains (Brett and 
Waldron, 1996). These microfibrils, stabilised by inter- and intramolecular 
hydrogen-bonding, are present as long structures which wrap around the cell. 
Microfibril width has been estimated in onion bulb PCWs as being 5-12 nm 
(McCann et al., 1990), but length has proved indeterminable thus far owing to 
difficulty in detecting a microfibril end because of overlap of cellulose chains 
(Carpita, 1996). 
1.1.1.2 Hemicelluloses 
Hemicelluloses, as structurally diverse polysaccharides, are defined as cell wall 
polysaccharides which are alkali-extractable but not extractable in hot chelating 
agents. They can be further classified into heteroxylans, heteroglucans, mixed 
linkage glucans, heteromannans and certain types of arabinogalactan. These 
polysaccharides are thought to play a major role in PCW structural integrity through 
the interlocking of cellulose microfibrils. 
2 
1.1.1.2.1 Xylans 
Heteroxylans, or more specifically glucuronoarabinoxylans (GAXs), are defined by 
their backbone of (1-4)-linked 3-D-xylopyranose residues (Wilkie and Woo, 1977). 
GAX is the major hemicellulosic component of graminaceous monocot PCWs; the 
quantity of GAX in grass PCWs is variable, reported at 20-40% dry weight (Burke et 
al., 1974; Carpita, 1983; Carpita and Whittem, 1986), increasing up to as much as 
85% in barley aleurone cells (McNeil et al., 1975). This is in large excess of that of 
dicot PCWs at only 5% dry weight of the cell wall (Darvill et al., 1980). It seems 
evident and it has been suggested that GAX should provide structural integrity to 
graminaceous monocot PCWs when present in such significant quantities; this is 
especially pertinent in aleurone cell walls where there is 85% GAX and only 8% 
cellulose (Labavitch and Ray, 1978; McNeil et al., 1975). 
A xylan backbone substituted with terminal a-L-arabinofuranose units substituted at 
the 0-3 position of xylose provides the dominant structure (Burke et al., 1974; 
Shibuya and Misaki, 1978). Other side groups commonly found linked to the 0-2 
position of xylose are o-D-glucuronic acid or 4-0-methyl a-D-glucuronic acid, and 
acetyl esters, which may also be linked at the 0-3 position of xylose, but there have 
been many others reported (Fig. 1.1); these include the neutral sugars D- and L-
galactose and D-xylose in addition to L-arabinose and the acidic components already 
mentioned. In PCW hemicellulose, the arabinose and galactose residues are 
predominantly part of complex and highly substituted xylans (Carpita and Wittem, 
1986; Wilkie and Woo, 1977) and the uronic acid can account for as much as 10% of 
the extracted hemicellulose (Carpita, 1983). 
Although attached mostly at the 0-3 position of the xylan backbone, additional €x-L-
arabinose units can be found in significant amounts at the 0-2 position and doubly 
branched at positions 0-2 and 0-3 in highly substituted GAX (HS-GAX) (Burke et 
al., 1974; Carpita et al., 1985; Carpita and Whittern, 1986; Viëtor et al., 1994). 
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Figure 1.1. Side chains found on (1-4)-3-D-xy1ans of graminaceous monocots*  (Buchala et al., 
1972; Hoffmann et al., 1992; Labavitch and Ray, 1978; McNeil etal., 1984; Shibuya etal., 
1983; Wilkie, 1979). Xylan backbone represented by —4--D-Xyl —. With reference to the 
Gal-Xyl-Ara side chain, L-Gal has been reported in maize (Whistler and Corbett, 1955) and 
Gal is reported by Wilkie (1979) but the enantiomer is unspecified. 
GAX is often present as a number of different populations with varying degrees of 
substitution (McNeil et at., 1975; Carpita, 1983; Carpita and Gibeaut, 1993; Nilsson 
et al., 1999; Shibuya et at., 1983; Suzuki et at., 2000). This may range from highly 
substituted (e.g. nearly 6 of every 7 xylose residues carries a terminal Ara residues) 
* The only recent report of a D-Gal residue in a xylan side chain has been the structure (2-0-(X-D- 
galactopyranosyl-4-0-methyl-a-D-glucurono)-D-xylan from the dicot, Eucalyptus globulus Labill 
(Shatalov etal., 1999). 
to lower substitution (50-65%) to very low substitution (10% or less). In maize 
coleoptiles and leaves, different types of GAX have been identified which have 
decreasing degrees of substitution and hence require increasing concentrations of 
alkali for extraction (Carpita 1984). Highly substituted GAXs tend to represent a 
lower percentage (20-30%) of the total xylan than lower substituted GAXs. HS-
GAX has been identified in developing maize coleoptiles and also in very small 
amounts in the walls of leaves (Carpita, 1984); in Zea coleoptiles, uronic acid was 
associated with all types of GAX, regardless of degree of substitution (Carpita, 
1983). 
GAX can bind non-covalently to cellulose (Brett et al., 1997; Migne et al., 1994). 
The degree of branching of the GAX is important as it affects its ability to bind to 
cellulose: a 13-(1---44)-Iinked low-substituted xylan can hydrogen-bond to cellulose 
resulting in a strong association, whereas a heavily substituted xylan will form a 
weaker association or may not bind at all (Carpita, 1983; Darvill et al., 1980; 
Labavitch and Ray, 1978; McNeil et al., 1975; McNeil et al., 1984; Shibuya et al., 
1983). GAX with a low degree of substitution is less water-soluble than a highly 
substituted GAX, and having fewer chains, the low-substituted GAX is better able to 
bind to cellulose owing to the close resemblance of the xylan backbone to cellulose 
(Bacic et al., 1988, McNeil et al., 1975). 
Suzuki et al. (2000) found high- and low-substituted GAX in maize stems: low-
substituted GAX was predominanly localised in secondary cell walls whereas highly 
substituted GAX was predominantly in PCWs (unhignified tissue) but also present to 
a limited degree in certain lignified tissues. This suggests that low-substituted xylans 
are linked to the cessation of growth as they appear to be associated with lignified 
tissue. The different degrees of substitution may therefore be required at different 
stages of growth: highly substituted xylan may be synthesised initially and then act 
as a precursor for low-substituted xylan by the stripping off of arabinose side-chains 
(Carpita and Whittern, 1986; Suzuki et al., 2000). 
5 
GAXs may also carry phenolic acid side-chains: ferulic and p-coumanc acid residues 
(Section 1.1.1.4). These aromatic substances are attached via an ester bond to the 0-5 
position of some of the arabinose units. Feruloyl groups may dimerise to yield 
diferuloyl groups (Bacic et al., 1988; Carpita, 1996; Fry, 1979; Wallace and Fry, 
1995), cross-linking adjacent GAX molecules and leading to increased structural 
integrity of the PCW; thus phenolic cross-linking has implications in growth and 
resistance to enzymic breakdown (McNeil et al., 1984). 
The molecular weights of GAXs are varied, from 2x10 4 to 7x106 (Carpita, 1983; 
Carpita and Whittern, 1986; Crosthwaite et al., 1994; Darvill et al., 1980; Wada and 
Ray, 1978). There is the suggestion, however, that the apparently high Mr of some of 
the larger polymers (5x106 and above) may be attributed to interaction with glucans 
(Carpita, 1983), and the presence of phenolic material in older tissues may also 
contribute to the high Mr by cross-linking adjacent GAXs (Section 1.1.1.4). It also 
appears that GAX varies during development, both in terms of Mr and side-chain 
composition (Carpita, 1983). 
The vast array of side-groups possible, coupled with different degrees of substitution, 
makes xylans an extremely diverse collection of polysaccharides. This variety in 
GAX suggests its versatility with regard to binding ability and thus form and 
function depending on tissue type, age or even plant species. Despite the wide range 
of side-chains documented, no regulatory functions have yet been associated with 
them as have been with specific side-chains of xyloglucan (McNeil et al., 1984) e.g. 
the regulation of plant growth by a xyloglucan-derived oligosaccharin (XXFG; see 
Fig. 1.2) which when present at low concentrations (- 1 nM) can inhibit the growth-
promoting effects of the plant hormone auxin (Aldington et al., 1991). 
1.1.1.2.2 Xyloglucans 
Xyloglucan is a heteroglycan containing a backbone of (1—>4)-linked f3-D- 
glucopyranose residues with side-chains of xylose which can themselves be 
substituted with arabinose, galactose or fucosyl galactose. Xyloglucan is reported to 
constitute only 2-5% dry weight of graminaceous PCWs (Labavitch and Ray, 1978). 
In contrast, xyloglucan is the main hemicellulose of dicots, accounting for 20-25% 
dry weight of the PCW (Fry, 1989; McNeil et al., 1984, Hayashi, 1989). Owing to 
this quantitative difference, interest in xyloglucan has been concentrated primarily on 
dicots resulting in limited information on xyloglucan from graminaceous monocots. 
The structure of xyloglucan in dicots consists of a cellulose-like backbone with an a-
D-xylopyranose residue linked at the 6-position of approximately every three out of 
four -D-glucose residues. About 30-50% of these xylose residues have a 
galactopyranose group attached to the 2-position and many of the galactose residues 
have an (X-L-fucopyranose residue attached also to the 2-position. This structure leads 
to the presence of characteristic hepta- (XXXG) and nonasaccharide (XXFG) 
repeating units in dicots (Fig. 1.2; Hayashi, 1989; Fry, 1989; Bauer et al., 1973; 
Talmadge et al., 1973). a-L-Arabinofuranose residues have been found linked to the 
2-position of a small proportion of the xylose residues but this substitution is not 
common (McNeil et al., 1984). 
(a) 	a-D-Xyl 	a-D-Xyl 	a-D-Xyl 
—>4-i3-D-G1c 	 —> 4- I3-D-G1c, —> 
(b) 	 (X-L-Fuc 'i p 
l3-D-Gal 
a-D-X1 	a-D-Xl 	cLDXjl P 
—> 4- 1 -D-Gl --> 4- I3-D-Gl ---) 4- 13-D-Gl —> 4--D-Glc, —> 
Figure 1.2. Characteristic hepta- (a, XXXG) and nonasaccharide (b, XXFG) repeating units of 
xyloglucan from dicots. 
7 
Xyloglucans from graminaceous monocots resemble those of dicots (Carpita 1983; 
Carpita et al., 1985; Labavitch and Ray, 1978) but the fine structure of xyloglucans 
in grasses is different from that in dicots as the enzymic hydrolysis of grass 
xyloglucan does not yield the major oligosaccharides characteristic of dicots. Grass 
xyloglucans have fewer xylose side chains, with only 36-38% of the glucose 
residues being substituted with xylose compared to 60-75% in dicots (Fry, 1989; 
Wada and Ray, 1978); they are also reported to contain lower quantities of galactose 
and to lack terminal fucose (Fry, 1989; Hayashi, 1989). 
Enzymic hydrolysis with an endo-1,4--glucanase results in the isolation of certain 
oligosaccharides; predominantly, a pentasaccharide (XXG) and glucose (G) are 
released but also small amounts of hexasaccharide (XXGG), trisaccharide (XG) and 
cellobiose (GG) (Kato et at., 1982; Labavitch and Ray, 1978; Shibuya and Misaki, 
1978). The isolation of large quantities of GG and G, has suggested many stretches 
of an unsubstituted glucan backbone (Hayashi, 1989; McDougall and Fry, 1994; 
Shibuya and Misaki, 1978). The isolation of a heptasaccharide (XXXG) and 
octasaccharide (Glc/XylIGal in a ratio of 4:3:1; substitution pattern unspecified) from 
rice cell-suspension culture (Kato and Matsuda, 1985) but not the PCWs of rice 
seedlings (Kato et al., 1982) has led to the postulation that xyloglucan in 
graminaceous monocots, like GAX, initially contains many xylose and galactose 
residues but that some of those are stripped off during growth (Hayashi, 1989). 
A function of xyloglucan of relevance to growth is its suggested role in the control of 
cell expansion by tethering adjacent cellulose microfibrils. Xyloglucan can H-bond 
to cellulose owing to the resemblance between the glucan backbones (Bauer et al., 
1973; Fry, 1986, 1989; Hayashi et al., 1987; Levy et al., 1997; Valent and 
Albersheim, 1974). It has been established that xyloglucan oligosaccharides 
containing a backbone of five residues or more are able to H-bond to cellulose 
(Hayashi et al., 1994). Xyloglucan appears to be substituted on one side only of the 
backbone, confining the binding of cellulose to the unsubstituted side of the 
xyloglucan molecule. The heavily substituted side is not able to bind to cellulose, but 
the molecule may rotate, allowing binding to another microfibril at the other end of 
the xyloglucan chain by the unsubstituted side. Xyloglucans can span between 
microfibrils, providing structural integrity in the PCW, and where the xyloglucan 
tethers coat the microfibrils, the microfibrils are prevented from sticking to each 
other. The xyloglucan—cellulose network, which can be formed spontaneously by the 
addition of xyloglucan to cellulose-producing bacteria (Whitney et at., 1995), has 
been visualised in onion PCW (McCann et at., 1990). The cutting and re-annealing 
of these tethers by the enzyme xyloglucan endotransglycosylase (XET) is proposed 
to allow controlled cell expansion during growth (Smith and Fry, 1991; Thompson 
and Fry, 2001). 
The lower concentrations of xyloglucan in graminaceous monocot PCWs does not 
mean that the role xyloglucan plays is not as crucial as it is in dicots. Other factors to 
support xyloglucan is important in graminaceous monocots include the isolation of 
XET from graminaceous monocots (Fry et al., 1992) whereas xylan 
endotransglycosylase has not been detected. The reduction in substitution of the 
glucan backbone of xyloglucan in xylose residues will favour H-bonding of 
xyloglucan molecules to cellulose. In addition, the ratio of xyloglucan to cellulose in 
both dicot and graminaceous monocots has been suggested to be the same owing to a 
reduced amount of cellulose in grasses (Hayashi, 1989). 
Thompson and Fry (2000) isolated from rose cell-suspension cell walls a xyloglucan 
which was shown to be covalently attached to acidic pectins. This accounted for 30% 
of the total xyloglucan present. These findings have led to the suggestion of multiple 
roles for the xyloglucan in rose cell-suspension PCWs: two-thirds of the xyloglucan 
is hydrogen-bonded to the cellulose microfibrils only and the other third of 
xyloglucan is covalently linked to pectic polysaccharides in addition to H-bonding to 
cellulose. These distinct xyloglucan populations could allow the cellulose-
hemicellulose matrix to link to the pectin matrix which previously had been 
considered co-extensive with but independent from the hemicellulose—cellulose 
matrix. 
1.1.1.2.3 Mixed-linkage glucans 
Mixed-linkage glucans (M1LGs) are unbranched homopolymers consisting of a 13-D-
glucopyranosyl backbone joined by (1-3) and (1-4) glycosidic linkages 
(Labavitch and Ray, 1978). MILGs generally have approximately 30% (1-43)- and 
70% (1-4)-3-D-glucosidic linkages (Bacic et al., 1988; Carpita, 1983). 
Enzymic hydrolysis has shown MLG to comprise linear chains in which two or three 
contiguous (1-44)-linked residues were separated by individual (1-3)-linked 
residues (McNeil et al., 1984). 13-D-Glucanohydrolase from Bacillus subtilis has been 
reported to hydrolyse (1-4)-linked residues directly preceded by (1-3)-linkages to 
release 90% of the MLG of oat or barley endosperm into 13-cellobiosyl- and 0
cellotriosyl-(1---->3)-D-glucose in a ratio of approximately 2:1 with the rest of the 
polymer comprising longer stretches of contiguous (1-4)-linked residues 
interrupted by single (1-3)-linkages (Carpita and Gibeaut, 1993; Carpita 1996). 
The presence of MLG in the graminaceous monocots is indisputable (Smith and 
Harris, 1999; Stinard and Nevins, 1980) but identification of IvILG in dicots and non-
graminaceous monocots has not been confirmed. Quantifying IVIILG in cell walls is 
not straightforward and reports of its presence in the dicot mung bean (Buchala and 
Franz, 1974) suggest an error in analysis (Kato and Matsuda, 1976). Its transient 
nature during expansion (Luttenegger and Nevins, 1985) and its heterogeneity in 
molecular size and structure depend on tissue type, age and source (Bacic et al., 
1988). 
There are cases where MLG has been reported as absent or present in low quantities 
in graminaceous monocot PCWs. Out of the six graminaceous monocots cell-
suspension cultures they studied, Burke et al. (1974) found IVIILG only in ryegrass 
suspension culture cell walls. There has been the suggestion that the absence of MILG 
(Burke et al., 1974; McNeil et al., 1975) was attributable to starch removal by a-
amylase which was contaminated with lichenase, an enzyme capable of digesting 
MILG (Labavitch and Ray, 1978). 
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Carpita and co-workers demonstrated that markedly less MILG than xyloglucan was 
present in the embryonal cells of maize coleoptiles and proso millet suspension 
cultures (Carpita, 1984; Carpita et al., 1985). They attributed this to the 
developmental stage of cell-suspension culture, reinforcing the idea that MILG is 
transient and in these 'young' tissues was present in low quantities. In maize 
seedlings, synthesis of MLG has been found to increase in accordance with stage-
specific growth (Carpita, 1984) and MLG breakdown following coleoptile elongation 
has also been observed (Gibeaut and Carpita, 1991). MLG is thought to turn over 
during tissue ageing, decreasing in both quantity and DP: DP's were higher in 
coleoptiles 3-3.5 days old than in older tissues (Wada and Ray, 1978). Antibodies 
specific to cell wall glucanases have been found to prevent the release of MLG and 
also inhibit auxin-induced elongation of maize coleoptiles (Inouhe and Nevins, 1991) 
suggesting MILG may have a specific role in wall 'loosening' of gramineous PCWs. 
Wada and Ray (1978) found that MILG became insoluble after purification from 
GAX, indicating MLG's tendancy to aggregate. The researchers suggested that this 
plays a role in cell wall adhesion and growth, the implication being that MILG is H-
bonded to cellulose microfibnls and this non-covalent interaction is sufficient to hold 
the micofibrillar phase together. The concept that IVILG acts as the principle binding 
agent within the PCW is contrary to others' ideas that GAX serves this role (McNeil 
et al., 1975). Wada and Ray (1978) suggested that although MLG is the principle 
binding agent, GAX may play a role in facilitating expansion as its presence lessens 
the aggregation of the MLG. 
Mr values estimated for MLG extracted from Zea mays and Avena sativa coleoptiles 
were found to vary from 1.0x10 4 to 2.5x105 (Hoson and Nevins, 1989; Kato and 
Nevins, 1984c; Wada and Ray, 1978). MLG isolated from maize shoots mainly had a 
Mr between 1.0x104 and 1.7x105 , but 28% of the extracted MLG had a Mr >2x105 
(Kato and Nevins, 1984c); the tendency for M.ILG to aggregate either with itself or 
with less-substituted GAX may account for the high apparent Mr observed (Carpita, 
1983). 
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1.1.1.3 Pectic polysaccharides 
As previously mentioned, pectic polymers encompass many different 
polysaccharides with the two main ones being homogalacturonan and 
rhamnogalacturonan I (RGI), both of which are found in maize (Carpita, 1989; 
Thomas et al., 1989b). Other pectic polysaccharides found in graminaceous 
monocots include rhamnogalacturonan II, arabinans, galactans and arabinogalactans 
(Carpita, 1996; Kato and Nevins, 1984a, b; Thomas et al., 1989a) 
Although abundant in dicots, constituting ca. 35% of the PCW (Darvill et al., 1980), 
the amount of pectic polysaccharide in graminaceous monocots is much diminished. 
An extensive study of pectic content by Jarvis et al. (1988) showed graminaceous 
monocots to contain low levels of galacturonan; other concentrations reported in 
monocots suggest pectic polysaccharides to constitute only 5-9% dry weight of 
PCWs (Darvill et al., 1980; Labavitch and Ray, 1978). 
The pectic component of the wall acts as a hydrated framework in the PCW and is 
important as it controls porosity (Baron-Epel et al., 1988), which in turn controls the 
movement of macromolecules through the PCW and access of enzymes to PCW 
components. 
Pectin is understood to be co-extensive with but independent from the cellulose-
hemicellulose network and other matrix polymers. This view is supported by work 
where pectin has been removed from the PCW without affecting GAX or MLG 
(Wada and Ray, 1978) or the cellulose—hemicellulose matrix (McCann et al., 1990). 
However, this idea of an independent network has been thrown into doubt following 
recent work which identified a pectin—xyloglucan complex (Thompson and Fry, 
2000); the discovery that xyloglucan covalently binds to pectin has led to the 
suggestion that a link between the cellulose—hemicellulose network and pectin is 
indeed feasible. Pectin has also been reported covalently linked to other PCW 
components (Brett and Waldron, 1996): phenols (Fry, 1982), cellulose (Ryden and 
Selvendran, 1990) and protein (Keegstra et al., 1973). Therefore the pectic 
component of the wall may not be as absolutely independent as previously thought. 
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1.1.1.4 Phenolics 
There are three main phenolic acids found in plant cell walls, of which ferulic acid is 
found evenly distributed through PCWs whereas p-coumaric acid and sinapic acid 
are found associated with lignification in SCWs predominantly (Wallace and Fry, 
1994; Scalbert et al., 1985). None of these phenolic acids (ferulic acid, p-coumanc 
acid and sinapic acid) are found as free acids within the PCW, but they are found 
covalently linked, usually by an ester bond, to other PCW components. Ferulic acid 
especially is thought to play a major role in PCWs because of its ability to dimerise 
and thus cross-link polysaccharides, leading to increased structural integrity and 
protection against microbial attack through a decrease in digestibility and also 
arresting growth by preventing further cell expansion. 
These phenols can be isolated from polysaccharides by alkali treatment and enzymic 
hydrolysis; liberation using alkali has shown ferulic acid to account for 7.8 and 
9.1 mg/g dry cell walls of tall fescue grass and coastal bermuda grass, respectively 
(Hartley and Morrison, 1991), whereas liberation by hydrolases has shown ferulic 
acid to account for 30 mg/g carbohydrate in Zea shoot cell walls (Kato and Nevins, 
1984d). Enzymic hydrolysis has proved a useful tool in identifying bonds between 
phenolic acids and polysaccharides by the release of a variety of phenolic acid—
carbohydrate complexes; Table 1.1 summarises some of these complexes. 
Common phenolic acid—carbohydrate complexes indictative of a phenolic—xylan 
association isolated from graminaceous monocots include two feruloylated 
disaccharides (Xyl-(Fer)-Ara and Fer-Ara-Xyl), a feruloylated tnsaccharide (Fer-
Ara-Xyl-Xyl), two feruloyated tetrasaccharides (Xyl-(Fer-Ara)-Xyl-Xyl and Xyl-
(Fer)-Ara-Xyl-Xyl) and a feruloyated pentasaccharide ((non-pentose residue)-Xyl-
(Fer)-Ara-Xyl-Xyl) and a p-coumaroylated trisacchande (Cou-Ara-Xyl-Xyl). The 
feruloylated disaccharide (Xyl-(Fer)-Ara) isolated from Festuca arundinacea cell-
suspension cultures (Wende and Fry, 1997a, 1997b) was also found to occur in the 
leaves of 21 other grasses tested, including maize (Wende and Fry, 1997b). 
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Table 1.1 Summary of oligomers reported from phenolic acid—carbohydrate complexes in plant cell walls. 
Polysaccharide 	of 
origin 
Oligomer isolated Source Reference 
Xylan 0- I3.D-Xylopyranosyl -( 1--*2)-(50 transferuloyl) .Larabinose Festuca arundinacea cell- 
suspension culture 
Wende and Fry, 1997a, 1997b 
0-[5-0-(trans-FeruIoyl)-3-L-arabinofuranosyl]-(1-2)-D-xyIose Wheat bran Smith and Hartley (1983) 
0-[5-0-(trans-Feruloyl)-a-L-arabinofuranosyl]-(1--3)-O-3D- 
xylopyranosyl-(1--4)-D-xylose 
Barley straw Mueller-Harvey etal., 1986 
Bamboo shoot Ishii and Hiroi, 1989 
Barley aleurone layers Gubler etal., 1985 
Maize cell-suspension cultures Wende and Fry, 1997c 
Maize shoots Kato and Nevins, 1985 
Sugarcane bagasse Kato etal., 1983 
0-[ -D-Xylopyranosyl - ( 1-4)-(5-0-trans-feruloyl) -Q-a-L- 
arabinofuranosyl]-(1—.3)-O-f3-D-xylopyranosyl-(1--*4)-D-xylose 
Bamboo shoot Ishii and Hiroi, 1989 
- Kato etal., 1987 
0-[f3-D-Xylopyranosyl -( 1--2)-(5-0-trans-feruloyl)-Q-a-L- 
arabinofuranosyl]-( 1 —3)-O-13-D-xylopyranosyl-( 1 —+4)-D-xylose 
Cynodon daczy!on shoot Himmelsbach etal., 1994 
O-(Non-pentose residue)-(1-3)-O-3-D-xylopyranosyl-(1--+2)-(5-0-trans- 
feruloyl)-O-a-L-arabinofuranosyl-( 1 —3)-O--D-xylopyranosyl-( 1 -4)-D- 
xylose 
Festuca arundinacea cell- 
suspension culture 
Wende and Fry, 1997c 
0-[5-0-(trans-p-Coumaroyl)-a-L-arabinofuranosyl]-(1---3)-O-J3-D- 
xylopyranosyl-(1--+4)-D-xylose 
Bamboo shoot Ishii etal., 1990, 
Ishii and Hiroi, 1990 
Barley straw Mueller-Harvey etal., 1986 
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Table 1.1 continued 
Polysaccharide of Oligomer isolated Source Reference 
origin 
Xyloglucan 0-[4-0-(trans-Feruloyl)-a-D-xylopyranosyl]-(1—'6)-D-glucose Bamboo shoot Ishii et al., 1990, 
Ishii and Hiroi, 1990 
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The feruloylated disaccharide, Fer-Ara-Xyl, was isolated from wheat bran cell walls 
(Smith and Hartley, 1983) suggesting arabinose to be attached at the 0-2 position of 
xylose rather than the 0-3 position; the possibility of this linkage lost favour more 
recently (Mueller-Harvey et at., 1986). Unferuloyated arabinose side chains attached 
to the 0-2 position of xylose have been isolated (Labavitch and Ray, 1978; Figure 
1.1) and therefore the Fer-Ara-Xyl disaccharide at the 0-2 position may be possible. 
Smith and Hartley (1983) also reported arabinose to be 3-linked to the xylose and 
this was probably an error in their analysis as arabinose has been reported to link 
exclusively in the a form. 
The variety of phenolic—xylan complexes reported in graminaceous monocots 
reinforces the heterogeneity exhibited by xylan side chains (Section 1.1.1.2.1) which 
contributes to the complexity of the cell wall and also indicates that graminaceous 
monocots do not all appear to have the same pattern of substitution. 
Feruloylation and p-coumaroylation of xylans is thought to occur predominately at 
the 5-0-position of Ara via an ester bond (Kato and Nevins, 1984d; Scalbert et al., 
1985) and, as mild alkali hydrolysis will break ester bonds, alkali can be used to 
release these phenolic compounds; for instance, the release of ferulic acid, p-
coumaric acid and diferulic acid has been reported after treatment with dilute alkali 
coincident with the treatment required to solubilise HS-GAX from maize PCWs 
(Carpita, 1986). Resistance of cell wall phenolic components to extraction by alkali 
hydrolysis at room temperature, however, has been found in wheat straw (Scalbert et 
al., 1985), wheat internodes (Iiyama et al., 1990; Lam et at., 1990) and also to a 
lesser extent in maize coleoptiles (Carpita, 1986); this resistance may be attributed to 
the physical inaccessibility of the bond but more probably is attributable to an 
alternative bond such as an ether link (Iiyama et at., 1990; Jung and Himmelsbach, 
1989; Lam et al., 1992; Scalbert etal., 1985). 
Wende and Fry (1997b) studied the alcohol-insoluble residue (AIR) of Festuca 
arundinacea cell cultures and found treatment of the AIR with mild acid hydrolysis 
resulted in an additional release of 10% of ferulate-containing compounds; this was 
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attributed to flanking of the ferulic ester by xylose and arabinose groups, making it 
less susceptible to alkali. This resistance to alkali has led to the suggestion that 
substitution could prevent enzyme action owing to inaccessibility of the ferulate 
ester. Protection of ferulate groups against enzymes such as peroxidase, thought to be 
involved in cross-linking, or possibly feruloyl esterases, which conversely could 
remove feruloyl groups, has also been postulated (Wende and Fry, 1997a). 
Scalbert et al. (1985) also found acid hydrolysis useful in releasing previously alkali-
resistant compounds from wheat straw and suggested this was owed to the presence 
of ether linkages; the researchers found that the hemicellulose to which the phenolic 
groups were attached was predominantly GAX and suggested that hemicellulose 
forms covalent cross-links with lignin through these acid-labile ferulic acid ethers. 
The proposal that ferulic acid may act as a bridging point between polysaccharides 
and lignin, resulting in a lignin—carbohydrate complex (LCC), has also been made by 
Wallace et al. (1995). The exhaustive sequential extraction methods employed to 
release the phenolic compounds suggested that many arabinoxylan—lignin complexes 
were present in ryegrass and barley straw and found both ester and ether linkages to 
be present in ryegrass (Wallace et al., 1995). 
The importance of ferulic acid groups on these polysaccharides such as GAXs is that 
they facilitate the possibility of cross-linking and this may regulate cell wall 
expansion (Fry, 1986). The dimensation of feruloyl groups to yield diferuloyl groups 
may occur, cross-linking adjacent polysaccharides. The report of ferulic acid ester-
linked to xyloglucan (Ishii et al., 1990) has led to the proposal that feruloylated 
xyloglucan, like feruloyated GAX, is capable of dimensation. Xyloglucan may 
therefore be held in the PCW and contribute to structural integrity by means other 
than H-bonding alone (Ishii and Hiroi, 1990). To date, no evidence has been 
presented that p-coumaric acid is able to dimense to its dehydrodimer (Lam et al., 
1994); however, photochemical dimerisation of p-coumanc acid and/or ferulic acid 
to the cyclobutane derivatives, truxillic acids, has been reported (Hartley and 
Morrison, 1991) but these derivatives are present in lignified secondary cell walls 
rather than PCWs. 
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1.1.1.5 Proteins 
The protein component of graminaceous monocot PCWs has been shown to account 
for 6-16% weight of isolated PCW. Extensin, the main protein in dicot PCWs, is a 
hydroxyproline-rich glycoprotein (HRGP) comprising 1-10% of the wall matrix 
(Fry, 1986; Brett and Waldron, 1996). In addition to hydroxyproline, extensin 
molecules may consist of arabinose, serine, lysine and also tyrosine. Of the structural 
protein isolated from graminaceous monocot PCWs, hydroxyproline has either been 
undetectable or present at very low concentrations indicating hydroxyproline is a 
minor component of PCW (Burke et al., 1974; McNeil et al., 1975; Carpita, 1986). 
In graminaceous monocots, there are HRGPs similar to dicot extensins but also 
found are threonine-rich (THRGPs) and histidine-rich (HHRGPs) glycoproteins. 
THRGPs and HHRGPs have been reported in maize cell-suspension cultures 
(Kieliszewski et al., 1990; 1992); HHIRGP, which is also rich in alanine, has been 
proposed to be an arabinogalactan-protein (Kieliszewski et al., 1992). 
Extensins are known to act as structural proteins in dicot PCWs in which they are 
thought to perform a main role in the structural integrity and tightening of PCWs 
(Wilson and Fry, 1986). The tyrosine residues, as found in extensin, can be 
oxidatively coupled in cell walls to isodityrosine and di-isodityrosine (Brady et al., 
1996; Fry, 1982b). The coupling reaction is thought to be catalysed by peroxidase in 
the presence of hydrogen peroxide (Fry, 1983). Extensin is initially a soluble 
component of the wall but the phenolic cross-linking results in the insolubilisation of 
extensin, which is thought to prevent further expansion of the dicot PCW. Despite 
being present in graminaceous monocots at reduced concentrations, the role that the 
small proportion of extensin plays may have a large impact on wall insolubilisation. 
Arabinogalactan-proteins (AGPs) are minor components of the PCW but account for 
a high proportions of the soluble extracellular polymers of cell-suspension cultures 
(Gibeaut and Carpita, 1991). The arabinogalactan part of AGPs and the 
arabinogalactans of pectic polymers have been reported to be different in their degree 
of substitution (Keegstra et al., 1973) but mainly in their position of substitution; the 
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galactose residues of AGPs link at (1-3) and I3(1-6) rather than the 13(1— ~4) 
linkage observed in pectic polymers (Carpita and Gibeaut, 1993). 
In addition to extensin and AGPs there are the many enzymes that are able to modify 
the PCW including hydrolases, transferases, esterases and peroxidases. One of these 
enzymes of particular interest is XET, an enzyme able to cut and re-anneal the 
xyloglucan molecules which tether adjacent cellulose microfibrils. 
Expansins are a class of proteins which are able to induce irreversible wall extension 
in heat inactivated plants (Cosgrove, 1989). Two families of expansin have been 
identified to date: a-expansins which are bound firmly to the cell wall and have high 
activity in dicot in PCWs and 13-expansins which are readily extractable in H 2O and 
have high activity in graminaceous monocot PCWs (Cosgrove, 1999). Both these 
types have been identified in maize (Wu et al., 2001). Both expansins and XETs 
have been proposed to facilitate in cell expansion (Section 1.2.2.2). 
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1.1.2 Differences between graminaceous monocots and dicots 
Graminaceous monocot and dicot PCWs both contain cellulose microfibrils 
embedded in a relatively amorphous matrix of polymers (Burke et al., 1974). Closer 
inspection has revealed, however, that in almost every category of PCW constituents, 
the 'same' polymers are present but are different in quantity and/or fine structure. It 
is therefore to be expected that the same function may be performed by different 
polymers, depending on whether the PCWs are graminaceous monocot or dicot. In 
terms of growth, both taxonomic groups require walls that may be 'loosened' in a 
controlled manner and then 'tightened' when growth is no longer required. 
GAX is the major hemicellulosic component of graminaceous monocot PCWs and 
xyloglucan that of dicots. In dicots, not only is GAX present at much reduced 
concentrations compared to in non-graminaceous monocots, but the a-L-arabinose 
units are predominantly found at the 0-2 instead of mainly the 0-3 position (Darvill 
et al., 1980). Xyloglucan is present in graminaceous monocot PCWs at only 2-5% 
dry weight of the PCW. These are much diminished xyloglucan concentrations 
compared to the 20-25% dry weight of the PCWs observed in dicots. In 
graminaceous monocots, pectin is also present at much reduced concentrations. The 
hemicellulose MLG is thought to be in graminaceous monocots only. Occurring as a 
transient wall component, MLG is postulated to play a similar role to xyloglucan, 
tethering cellulose microfibrils but allowing cell expansion by the controlling action 
of hydrolases modifying the MLG. 
In graminaceous monocots, three populations of GAX of increasing degrees of 
substitution (Section 1.1.1.2.1) may mostly replace, in terms of function, two 
populations of xyloglucan and a population of highly complex and diverse pectic 
polysaccharides in dicots. The close molecular proximity of pectic polymers 
specifically with HS-GAX has led to the suggestion that in graminaceous monocots, 
lacking the high concentrations of pectin seen in dicots, HS-GAX is able to play the 
role that pectin plays as a co-extensive but independent matrix component 
controlling porosity and the movement of molecules within the wall (Carpita and 
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Gibeaut, 1993). The high degree of substitution and also the variety of side-chains 
exhibited indicate the heterogeneity of the xylan of graminaceous monocots (Fig. 
1.1; Section 1.1.1.2.1). Xyloglucan in graminaceous monocots carries substantially 
fewer and less diverse side-chains. The absence of the tnsaccharide side-chain, o-L-
Fuc-(1--2)--D-Gal-(1--*2)-a-D-Xy1 (Carpita, 1996) and the failure of endo-1,4-f3-
glucanases to yield XXXG and XXFG (Carpita and Gibeaut, 1993) has suggested 
graminaceous monocot xyloglucan to be different from dicot xyloglucan. XXXG, 
however, but not XXFG, has been isolated from rice endosperm cell walls (Shibuya 
and Misaki, 1978). Graminaceous monocot xyloglucans were thus reported to lack 
fucose until McDougall and Fry (1994) demonstrated the incorporation of exogenous 
[3H]fucose into the PCWs of Festuca arundinacea. Although present in low 
quantities, [3H]XXFG was detected, confirming the presence of fucosylated 
xyloglucan in graminaceous monocots. Dicot xyloglucan has recently been shown to 
exist as two populations: both associated with cellulose microfibnls and one also 
covalently linked to pectic polymers (Thompson and Fry, 2000). In graminaceous 
monocots, highly substituted GAX is proposed to partly replace pectic polymers. 
This suggests that in graminaceous monocots, the less substituted xyloglucan and 
xylan are required for interaction with cellulose microfibrils while a more highly-
substituted xyloglucan is not required because more highly substituted GAX is able 
perform a similar role to that of pectic polymers in the PCW. 
'Tightening' of the cell wall, in dicots, is mediated by the structural protein, extensin. 
Graminaceous monocot extensin, although similar to that of dicots, is lower in 
hydroxyproline but richer in certain other amino acids such as threonine, histidine 
and alanine. The tyrosine residues on these glycoproteins are available for cross-
linking and the formation of intra- or intermolecular isodityrosine bridges, thus 
contributing to wall 'tightening'. 
Graminaceous monocot PCWs, while containing reduced concentrations of extensin, 
contain elevated levels of phenolic compounds. Dimers of these phenolic compounds 
may cross-link adjacent polysaccharides in the PCW causing 'tightening'. The 
pattern of substitution between the taxa is different: in graminaceous monocots, 
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feruloyl and coumaroyl groups are esterified to xyloglucans and arabinoxylans, 
whereas in dicots, they are esterified to pectin, as 4-0-(6-0-feruloyl-13-D-
galactopyranosyl)-D-galactose and 3-0-(3-0-feruloyl-(X-L-arabinopyranosyl)-L-
arabinose (Fry, 1982a). Lignin formed in graminaceous monocots is also reported to 
be different from lignin formed in dicots (Wallace and Fry, 1994). 
Graminaceous monocot and dicot PCWs are established as being fundamentally 
different, it is therefore necessary to investigate metabolism in each of these wall 
types before growth can be understood. Metabolism of the hemicelluloses in 
gran-unaceous monocots and dicots can be investigated using maize and rose as 
respective models. 
1.1.3 Cell-suspension cultures 
Cell-suspension cultures have been used in the analysis of PCW components for a 
number of reasons: the addition of radioactive precursors can be done easily without 
damaging cells, incorporation of radioactive precursors is quick and synchronous as 
most of the cells are in contact with the medium, the cells are grown in a sterile 
environment i.e. uncontaminated by micro-organisms and, lastly, cell suspension 
cultures are relatively homogeneous which is a major advantage as whole plants 
encompass many different cell-types. 
Although there are differences between the PCW compositions of suspension-
cultured cells and those of tissues from intact plants, cell suspension cultures are an 
informative system for investigating metabolism as the differences tend to be 
quantitative rather than qualitative (Burke et al., 1974; Darvill et al., 1980; 
McDougall and Fry, 1994; Wilkie, 1979). Soluble extracellular polysaccharides 
(SEPs) have been proposed as possible cell wall models, firstly as SEPs include 
polymers similar in composition to those in the cell wall and secondly as their prior 
secretion into the medium obviates the need for severe extraction treatments (Burke 
et al., 1974; Reid et al., 1999; Sims et al., 2000; Stevenson et al., 1986; Takeuchi 
and Komamine, 1978). 
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1.1.4 Interaction of cell wall polymers 
Over the last forty years, a clear aim has been understanding which PCW polymers 
are present and how they interact with each other to become the dynamic structure 
that is the plant PCW. Composition and structural identity of wall polymers alone are 
not enough to lead to an understanding of the structural modification of the cell wall 
during expansion; an insight into how the PCW components interact and associate 
both covalently and non-covalently is also essential. This is being achieved through 
the development of a working model of the PCW. 
1.1.4.1 Primary cell wall models 
Albersheim model 
One of the earliest models of the dicot PCW was developed by the Albersheim group 
(Keegstra et al., 1973), whose work progressed from identifying quantity and 
structure of PCW components to considering how individual polymers interact with 
each other. The proposed model depicts the PCW matrix as a 'tree'-shaped structure 
where each polymer is linked covalently to another to form a single macromolecule, 
with H-bonding between xyloglucan and cellulose microfibrils resulting in 
intermolecular associations between two microfibrils as follows: 
cellulose hernicellulose-4 pectin—> structural protein— pectin— hernicellulose• •cellulose 
(where = hydrogen-bonding; ->, - = glycosidic linkages). 
Enzymes have been valuable in investigations of both the structure of and the cross-
links between wall polymers. Albersheim and colleagues based their model on 
assumptions drawn from the release of certain enzyme-generated fragments. 
Endopolygalacturonase was used to remove pectin and cellulase was used to digest 
xyloglucans; this allowed connections (i) between xyloglucan and pectic 
polysaccharides and (ii) between proteins and polysaccharides to be postulated. The 
evidence that xylogucan was linked covalently to pectin was based on the 
assumption that certain monosaccharides were uniquely characteristic of certain 
polymers (Table 1.2), e.g. uronic acid residues defined pectin and xylose residues 
defined xyloglucan. Since this assumption was made, however, it has been 
discovered that uronic acids can be present in other PCW polysaccharides e.g. GAX 
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(Bacic et al., 1988; McNeil et at., 1984) and that xylose can be found in side chains 
of pectic polysaccharides; thus it could no longer be deduced from the data of 
Keegstra et al. (1973) that there is a covalent linkage between xyloglucan and pectin. 
Therefore the model lost favour (Jarvis et al., 1981; O'Neill and Selvendran, 1983). 
Table 1.2 Sugars assumed to be characteristic of certain polymers (Keegstra et al., 
1973; Talmadge et al., 1973) 
Polymer of interest 	Indicator sugars 
Xyloglucan 	 Gic, Xyl, Gal, Fuc 
Pectin 	 uronic acid, Rha, Ara, Gal 
Recent work, however, has witnessed the isolation of a complex in which xyloglucan 
is thought to be covalently linked to acidic pectin (Thompson and Fry, 2000), 
supporting the presence of such interactions after all. This illustrates the insight 
Albersheim and colleagues had into visualising an initial PCW model and suggests 
that the difficulty of extracting complexes such as hemicellulose—pectin and of 
proving covalent interactions will be overcome and that more such complexes may 
be isolated in the future. 
Pectin has also been proposed to be linked to structural protein in the PCW (Keegstra 
et al., 1973). A highly branched arabinogalactan (AG) was suggested to be the point 
of attachment between the rhamnogalacturonan (RGI) of pectin and a 
hydroxyproline-rich glycoprotein. On the AG, a reducing terminal Gal group was 
proposed to link to a serine residue of the glycoprotein; rhamnose residues were 
thought to be the attachment point to pectin as all rhamnose groups in the PCW were 
considered to be components of RGI. This proposed cross-link would mean that a 
reducing terminal Rha residue in RGI would be attached to a non-reducing Gal 
residue of AG, a linkage which has not been demonstrated. Commonly, it is the 
reducing terminal Gal residue of an AG which is attached to the 0-4 position of a 
mid-chain Rha residue of RGI; this presents a problem, as the AG molecule may 
attach to either a serine or a Rha residue but not to both simultaneously. 
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Although informative as a model system, sycamore cell-suspensions are not 
representative of all dicot cells as documented by work on stem segments of another 
dicot, pea (Talbott and Ray, 1992a). The majority of the matrix polymers in pea were 
considered to associate non-covalently rather than covalently as postulated by 
Keegstra et al. (1973); Talbott and Ray (1992a) found pectic polymers were almost 
completely removed from the wall by warm, mildly acidic ammonium oxalate, which 
it was believed would not affect glycosidic or ester cross-links, and so concluded that 
pectin formed an independent network within the wall matrix. Also arabinogalactan 
and xyloglucan were separated completely by GPC, although the possibility of ester 
linkages between arabinogalactan and xyloglucan was not totally excluded as the 
alkali extraction method used could have broken ester but not glycosidic linkages. 
However, the possible presence of ester links, between arabinogalactan and 
xyloglucan, was estimated to account for only 8% of xyloglucan, suggesting that the 
majority of associations were non-covalent. The discrepant conclusions of Keegstra 
et al. (1973) and Talbott and Ray (1992a) demonstrate the variation encountered in 
interpretion of results as, even though both sycamore and pea are classed as 
dicotyledonous, different PCW models of each were proposed by each research 
group. 
Cross-link model 
Another approach to the model of the PCW tried to use a greater understanding of 
the diversity of the cross-links, both covalent and non-covalent, between polymers. A 
summary of the types of cross-links within the PCW was constructed (Fry, 1986). By 
piecing together existing evidence of covalent and non-covalent associations between 
wall polymers as well as outlining other potential cross-links that had or had yet to be 
isolated, Fry and Miller (1989) proposed a working model of the PCW. 
Non-covalent associations such as H-bonding are possible owing to the hydrophilic 
nature of sugar structures. H-bonding between cellulose and hemicellulose is thought 
to play a major role in cross-linking the PCW (Carpita and Gibeaut, 1993; Levy et 
al., 1997). Other associations are also present such as ionic bonding e.g. Ca 2+ bridges 
between pectic polymers (Jarvis, 1984). 
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The possibility that wall polymers such as extensin play a role in maintaining the 
structural integrity of the PCW by physical entanglement rather than specific cross-
linking has been outlined (Fry, 1986); the formation of isodityrosine bridges between 
adjacent extensin molecules could result in "loops" of extensin. These "loops" may 
allow close association of extensin with pectic polymers or microfibnls by looping 
round them and so holding them in place without bonding to them covalently. The 
association between pectin and extensin may be important as they are acidic and 
basic molecules, respectively; thus ionic bonds between them are likely. Attraction of 
both extensin and peroxidase to pectin may be important in terms of cross-linking as 
the resulting close proximity of extensin to peroxidase implies the possibility of 
phenolic coupling of tyrosine residues on extensin by peroxidase-generated free 
radicals. 
Evidence from electron microscopy 
A great advance in the elucidation of cell wall structure has been the use of electron 
microscopy (McCann et al., 1990) allowing the visualisation of the PCW as a three-
dimensional structure. Cellulose microfibrils and cross-links within the PCW were 
visualised after sequential extraction of onion bulb parenchyma PCW material. 
Although the cell wall was viewed at a particular point in time and with a degree of 
artifactual results owing to the changed structure with the removal of polymers, 
valuable information was given on how the cell wall is constructed. Specifically, 
microscopy has given an insight into the orientation of the wall components. Models 
often represent the cell wall with the components orientated in one direction only; 
however, microscopy has shown how complex the microfibrillar phase alone is with 
the microfibrils orientated in many different directions. The cellulose microfibrils 
and hemicellulosic tethers between them have also been viewed and their lengths 
quantified: cellulose microfibrils (diameter 5-12 nm), hemicellulosic tethers 
spanning microfibrils (20-40 nm) and isolated hemicelluloses (30 to > 700 nm); this 
supports previous proposals that xyloglucan molecules tether microfibrils (Fry, 1989; 
Hayashi, 1989), and has allowed the visualisation of xyloglucan molecules long 
enough to span not just two adjacent microfibnls but many microfibrils. 
The removal of pectin not only allowed the visualisation of xyloglucan tethers but 
also showed the xyloglucan—cellulose network to be largely unaffected by 
depectination (McCann et at., 1990; Talbott and Ray, 1992a). This has fostered the 
idea of two main networks, the xyloglucan—cellulose network and the pectin matrix, 
that are co-extensive with but independent from each other. Further extraction, 
removing the xyloglucan, caused cellulose to self-aggregate. Thus xyloglucan has 
been proposed both to tether cellulose microfibrils and so to control cell expansion, 
and also to prevent collapse of the PCW structure by stopping cellulose self-
aggregating (McCann et al., 1990; Valent and Albersheim, 1974; Whitney et al., 
1995). 
Distinction between graminaceous and dicot primary walls 
Carpita and Gibeaut (1993) reviewed PCW models and presented graminaceous 
monocot PCWs (type II walls) as being distinctly different from the PCW type of 
model previously considered (type I walls) representative of dicots and non-
graminaceous monocots. An assessment of constituents of the PCW established that 
similar polymers were found in both types of cell but in varying amounts, with the 
exception of MLG which appears to found in type II walls only. This major review 
not only focused on the chemical structures of PCW polymers but also tried to assess 
how the polymers interact to allow cell expansion in the different types of PCWs. 
The requirement for cell expansion, which both wall types must facilitate despite 
having different main cell wall components, was outlined (Carpita and Gibeaut, 
1993). In type I walls, a xyloglucan—cellulose network embedded in a pectin matrix 
is illustrated, the breaking and reforming of xyloglucan tethers being thought to be 
crucial in leading to cell expansion. Although xyloglucan is implicated as the 
predominant interlocking polysaccharide that interacts with cellulose, other 
polysaccharides are also proposed to be able to perform this role e.g. glucomannans, 
galactomannans, MLG and GAX. In type II walls, GAX is implicated in the role that 
xyloglucan plays in type I walls, interlocking adjacent microfibrils, as concentrations 
of xyloglucan are much lower in type II walls and additionally MILG appears 
transiently during growth and is also thought play a load-bearing role. 
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Both walls can be locked into shape following extension, but again it is different 
polymers that are implicated in each type of wall. In type I walls, the structural 
protein extensin is believed to play a major role in the cessation of growth whereas in 
type H walls it is an increasing coupling of phenolics, which may cross-link PCW 
polymers and prevent further expansion. 
Problems associated with constructing a cell wall model 
The investigation of possible cross-links through extraction of intact polymers is very 
difficult, firstly owing to the structural complexity of cell wall components and 
secondly owing to the variety of cross-links that may occur between wall polymers. 
For instance, pectins may be involved in many possible cross-links, so it is 
problematic to prove that one exists for example by breaking it without affecting 
other cross-links (Fry, 1986). Similarly, phenolic linkages such as ether bonds even 
prior to lignin formation are resistant to cleavage with mild alkali, thus confirmation 
of the presence of these types of bond which are increasingly difficult to extract, 
becomes difficult (Scalbert et al., 1985). Sequential extraction is often employed to 
build up a picture of PCW components and how they interact with each other, but 
there is the problem that during sequential extraction, the extraction of wall polymers 
becomes increasingly difficult as the polymers become more strongly bound. 
The structural complexity and numerous associations present in the PCW lead to 
several problems with polymer extraction for the purpose of studying intermolecular 
associations: firstly, when attempting to remove polymers embedded in a complex 
matrix, researchers have found the results obtained may be artifactual as the 
polymers may undergo a structural change if removed from their natural site. This 
has been demonstrated using fingerprints of polysaccharides obtained by FTIR 
spectroscopy; the spectra obtained from sequential extractions show that pectin, 
present as a rigid structure in the PCW, is not only conformationally modified when 
extracted from the wall, but also carries ester groups which are partially removed by 
CDTA (pH 6.5, 20°C) and completely removed after treatment with Na 2CO3 
indicating de-esterification of the wall (McCann et al., 1992). Jarvis et al. (1981) 
have studied pectin using CDTA (pH 6.5, 17°C) which they believe to be a relatively 
non-degradative extractant, allowing them, as close as possible, to study pectin as in 
the condition in which it would exist in the PCW. An alternative way to study 'PCW' 
polymers in vivo is using SEPs. It has been suggested that SEPs are similar in 
composition to those within the PCW but relative amounts may vary (Reid et al., 
1999; Wilkie, 1979) and, with no destructive extraction method required to solubilise 
the polysaccharides, SEPs are a useful tool for providing information on cell walls. 
A second problem faced when studying PCW polymers is that the extraction of 
PCWs means a glimpse of the wall at a certain time point, not a picture of a living, 
growing cell. Radiolabelling, however, can be used to monitor changes in wall 
components over a period of time by selectively labelling wall components such as 
polysaccharides that were synthesised during a specific time interval. For example 
[3H]Ara can be used to radiolabel Xyl residues of GAX and xyloglucan so that they 
may be monitored for subsequent quantitative and qualitative changes. 
Adding to the complexity is the wide variety of extraction methods that have been 
employed by different researchers to overcome the various difficulties in polymer 
extraction; laboratories have their own personal preferences, whether looking at 
cellulose, hemicellulose, pectin or protein, and different extraction methods will 
extract different compounds and have different undesirable side-effects such as the 
degradation of wall polymers. Information obtained from a wide range of extraction 
methods, radiolabelling protocols and chromatographic analyses, can be examined to 
provide details which can help to build a picture of the PCW (Edelmann and Fry 
1992a; Fry, 1986). 
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1.1.4.2 Cross-links in the cell wall 
Functional importance of cross-links within cell wall 
Cross-links are essential in cell walls from a number of different aspects. They must 
permit extensibility while simultaneously preventing the cells from bursting or 
separating from each other. Phenolic cross-links, specifically, reduce the digestibility 
of grass and cereal cell walls and are implicated in defence responses against 
pathogenic attack (Brady and Fry, 1997; Wallace and Fry, 1994). Cross-links also 
control cell wall porosity (Bacic et at. 1988; McCann et al. 1990) which defines the 
mobility of molecules through the cell wall; measurements of the pore sizes in PCWs 
range from approximately 3.5 to 10 nm (Tepfer and Taylor, 1981; McCann et al. 
1990). 
Many cross-links are possible in the PCW. Some are covalent, e.g. glycosidic bonds, 
uronoyl esters and coupled phenols; others non-covalent, e.g. H-bonding and ionic 
bonding, including Ca 2' bonds. A summary of these and other possible interactions 
yet to be isolated from the PCW has been reviewed by Fry (1986). 
Isolated complexes as evidence of interactions between PCW polymers 
More recently a greater understanding of the PCW has been gained through 
modifications in extraction and methods of analysis. This has provided more 
evidence for intermolecular covalent links between cell wall components. Complexes 
of wall components have been isolated; the interaction leading to these complexes, 
be it covalent bonding, non-covalent bonding or physical entanglement, has yet to be 
elucidated in some cases. 
Xylan—xyloglucan complexes have been found to be present as a major component 
of the cell walls of olive pulp (Coimbra et al., 1995). Two main xylan—xyloglucan 
populations have been identified: a high-Mi complex (2x106) containing a low 
substituted acidic xylan and xyloglucan, and in addition, a lower-M r complex (1x105 ) 
containing a highly substituted acidic xylan and highly branched xyloglucan. Xylan-
pectic complexes have also been isolated, as a minor component of the cell walls of 
olive pulp (Coimbra et at., 1995), a xylan—pectic complex has been identified in 
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asparagus stems (Waldron and Selvendran, 1992) and a complex incorporating 
pectin, xylan and xyloglucan has been isolated from cauliflower stem (Femenia et 
al., 1999). Isolated from rose cell-suspension PCWs has also been a xyloglucan-
pectic complex in which the xyloglucan moiety was shown to be covalently attached 
to acidic pectic polysaccharides (Thompson and Fry, 2000). A pectic—xylan and a 
pectic-xylan—xyloglucan complex have also been tentatively proposed in potato tuber 
cell walls (Ryden and Selvendran, 1990). Polysaccharides have also been suggested 
to be attached to protein groups, such as a xylan—protein complex in pea seedlings 
and rye bran (Crosthwaite et al., 1994; Nilsson et al., 1999) or as polysaccharide—
protein complexes like AGPs (Kieliszewski et al., 1992). 
Many of the cell wall constituents co-elute, suggesting they interact with each other, 
without the identification of any definitive complex that would show the two wall 
components are covalently linked. These include GAX, which has been found in 
close molecular proximity with other main PCW components, including pectic 
polymers (specifically associated with HS-GAX), MIILG and xyloglucan (Carpita, 
1983; Carpita, 1989; Labavitch and Ray, 1978; Shibuya et al., 1983; Suzuki et al., 
2000; Waldron and Selvendran, 1992). Pectin has been found covalently linked to 
extensin in the cell walls of cotton suspension cultures (Qi et al., 1995) and closely 
associated with cellulose in potato tuber cell walls, also attributed to covalent 
bonding (Ryden and Selvendran, 1990). The presence of complexes involving a 
combination of PCW constituents underlines the complexity of the cell wall and the 
advances that still need to be made to identify the interactions between cell wall 
polymers. 
31 
1.2 Biosynthesis of specific polymers of interest 
The precursors of hemicelluloses are high-energy nucleotide sugars. Xyloglucan 
precursors include UDP-glucose, UDP-galactose, UDP-xylose and GDP-fucose 
(Brummell et al., 1990; Hayashi, 1989; Waldron and Brett, 1987); GAX precursors 
include UDP-xylose, UDP-glucuronic acid and UDP-arabinose (Baydoun and Brett, 
1997; Gibeaut and Carpita, 1991; Hobbs et al., 1991). Exogenous [3H]arabinose is 
first metabolised to UDP-[ 3H]arabinose and then epimerised to UDP-[ 3H]xylose, 
from which [3H]Ara and [3H]Xyl residues are incorporated into newly synthesised 
polysaccharides. 
Like all other PCW polysaccharides with the exception of cellulose and callose, 
GAX is synthesised in the Golgi apparatus before being secreted into the cell wall 
(Brett and Waldron, 1996; Carpita, 1996). It has been suggested that GAX is 
synthesised in a highly-branched form after which side-groups may be hydrolysed as 
required to allow incorporation into the wall (Carpita and Whittern, 1986; Suzuki et 
al., 2000). Not only has newly synthesised pectin and hemicellulose been found in 
the endoplasmic reticulum, the Golgi apparatus, the Golgi vesicles and the PCW, but 
all the enzymes need to synthesise xyloglucan, GAX and MLG have been found in 
the Golgi apparatus (Brett and Waldron, 1996). The ferulolyation of polysaccharides 
has also been observed within the protoplasm but not within the PCW (Myton and 
Fry, 1994) and the process of dimerisation of ferulate to diferulate has been shown 
recently to also occur within the protoplasm (Fry et al., 2000). 
Type II arabinogalactans are associated with proteins (AGPs) and have been 
proposed to accompany extracellular non-cellulosic glycans to sites of assembly 
(Carpita and Gibeaut, 1993); pulse-labelling experiments have shown AGPs to be 
attached to the cell wall for a short period before appearing in the medium (Takeuchi 
and Komamine, 1980). 
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1.3 Cell expansion 
Cell expansion is fundamental to the growth of plants and therefore the driving 
forces behind expansion are important and need to be understood. The PCW must be 
directly involved in cell extensibility as it is what constrains the growth of the cell. 
Deposition of new wall material must also normally occur during cell expansion as 
PCWs are often of the same thickness before and after expansion (McNeil et al., 
1984). The deposition of new material can occur either at the tip of the elongating 
structure or along an entire wall (Carpita, 1996; Cosgrove, 1997; Taiz, 1984). Having 
acknowledged that cell wall expansion depends on the PCW, it is perhaps surprising 
that monocots and dicots appear to expand by physiologically similar mechanisms 
despite their very different PCW compositions (Carpita, 1996; Carpita and Gibeaut, 
1993). 
The direction of cell extension is also governed by the PCW. A useful analogy is that 
of a cellulose microfibril as a loosely wound 'helical spring' that is wrapped around 
the cell along one axis, and hemicellulose as a strip of 'velcro' attached at one end to 
the cellulose microfibril and spanning the gap to an adjacent microfibril where the 
other end of 'velcro' sticks, thus holding microfibrils together (Passioura and Fry, 
1992). Cell shape is dictated by the orientation of the cellulose microfibrils (Carpita, 
1996; Carpita and Gibeaut, 1993) and as a 'helical spring', the microfibrils can easily 
expand longitudinally along the axis of the wall but are less easily separated 
transversely. 
Tremendous turgor pressure occurs within the cell (Pritchard et al., 1993), acting as 
the driving force behind cell expansion. An increase in cell expansion rate requires 
some component(s) of the PCW to 'yield'. Cellulose is very resistant to breakdown 
or modification and so cannot be the weak link, allowing cell expansion. Resistance 
of cellulose to modification implicates changes to other cell wall components, 
presumably the matrix polysaccharides which keep cellulose microfibrils together 
that would otherwise be separated (Carpita, 1996; Carpita and Gibeaut, 1993; 
Cosgrove, 1997) in the same way that velcro stops two sheets of material slipping 
apart. 
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1.3.2 Wall 'loosening' 
There are a number of wall-'loosening' agents, which may act alone or more likely in 
concert, contributing to cell expansion. These include polysaccharide-modifing 
enzymes such as XETs, expansins and endoglucanases, and an agent which acts non-
enzymically, the 0H radical. H also causes wall loosening, but this is generally 
proposed to be owing to its ability to promote the action of some other wall-
'loosening' agent rather than to its own ability to modify wall structure (Taiz, 1984). 
With each loosening agent, it is usually the cellulose—hemicellulose network, as the 
'velcro' holding the cell together, that is proposed to be affected to facilitate wall 
'loosening'. 
1.3.2.1 Auxin-induced expansion 
The plant growth hormone auxin has been linked closely to the acid-growth theory: 
the acidification of the cell wall through the promotion by auxin of H secretion is 
thought to induce cell wall loosening and, ultimately, cell expansion (Cleland, 1971; 
Darvill et al., 1978). The reduction in pH may increase the activity of cell wall 
'loosening' enzymes (Darvill et at., 1978; Hayashi and Maclachan, 1984; Taiz, 
1984). 
Auxin- and H-induced growth has been shown to be accompanied by xyloglucan 
degradation (Inouhe et at., 1984; Jacobs and Ray, 1975; Labavitch and Ray, 1974a, 
b; Revilla and Zarra, 1987; Talbott and Ray, 1992b). In addition to xyloglucan 
fragmentation, Darvill et at. (1978) have suggested that auxin-induced changes in 
cell wall polysaccharides include the loss of side chains from HS-GAX. 
The response to auxin has been shown to decrease with time, with maize coleoptiles 
becoming less responsive to auxin as they age (Carpita, 1986), suggesting the PCWs 
undergo irreversible changes which prevent further auxin-induced elongation. 
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1.3.2.2 Enzyme-mediated expansion 
There are three main groups of enzymes which have been suggested to participate in 
growth by modifying PCW components: XETs, expansins and glucanases. 
XETs 
XETs are proposed to allow controlled cell expansion during growth by cutting and 
re-joining xyloglucan tethers between cellulose microfibrils, allowing rearrangement 
of existing xyloglucan tethers (Smith and Fry, 1991; Thompson and Fry, 2001). The 
ability of XETs to modify xyloglucan has also led to proposals that XETs may allow 
the incorporation of newly synthesised xyloglucan into the PCW during growth 
(Edelmann and Fry, 1992c; Nishitani and Tominaga, 1992; Talbott and Ray, 1992b). 
XET can break and reform bonds of two adjacent xyloglucan molecules without any 
net loss or gain of energy. However, the integration of nascent xyloglucan polymers 
into the PCW by XET action, in vivo, has been problematic to observe owing to 
identical starting and finishing products. A new method employed to overcome this 
problem has been the use of density labelling (Thompson et al., 1997). Labelling of 
rose cell-suspension cultures with the substrates [ 13C, 2H]glucose and [ 12C, 
1 H]glucose has led to 'heavy' and 'light' xyloglucan populations in the same cells. 
This labelling has provided conclusive evidence of two types of transglycosylation in 
vivo: integration of newly synthesised xyloglucan into an existing wall-bound 
xyloglucan and restructuring of two existing wall-bound xyloglucans (Thompson and 
Fry, 2001). 
XIET activity correlates with cell expansion (Burstin, 2000; Palmer and Davies, 1996; 
Pritchard et al., 1993), suggesting a role in wall 'loosening' is possible. XET activity 
has been observed in many graminaceous monocots, including maize (Fry et al., 




The biochemical mode of action of expansins is unknown but they have been shown 
to weaken paper without detectable cellulose hydrolysis (McQueen-Mason and 
Cosgrove, 1994). This has led to the proposal that expansins may disrupt H-bonds 
between cellulose microfibrils and perhaps also between xyloglucan chains and 
microfibrils (Whitney et al., 2000). If expansin could act at the interface between 
xyloglucan and cellulose then it could potentially also interfere with xylan and MILG, 
which are also proposed to H-bond to cellulose (Brett et al., 1997; Burke et al., 1974; 
Darvill et al., 1978; Fry, 1986; Migné et al., 1994) Contrary to this, however, is 
evidence that chaotropic agents, such as 8 M urea, do not greatly affect wall 
extensibility, suggesting that the disruption of H-bonding is not central to cell 
expansion (Taiz, 1984). 
There is no detectable hydrolysis or transglycosylation activity associated with 
expansins (McQueen-Mason et al., 1992, 1993; McQueen-Mason and Cosgrove, 
1995) yet these proteins can promote extension in cells walls in which the protein has 
been inactivated by boiling in water (Cosgrove, 1989); expansins have also been 
associated with expanding regions of plant tissue. The observation that the optimum 
activity of expansin is at low pH has also led to the suggestion that expansin may 
mediate acid growth (Cosgrove, 1999). 
Endo- and Exo-glucanases 
Endo-3-D-glucanases have been shown to affect both xyloglucan and MLG (Gibeaut 
and Carpita, 1991; Hayashi, 1989) but there is no evidence that these enzymes affect 
cellulose in vivo. Both endo and exo-glucanase have been isolated from maize 
seedlings (Huber and Nevins, 1981). An endo-glucanase in the PCWs of developing 
maize seedlings has be reported to hydrolyse IvIILG at the longer stretches of (1-4)-
n-linked glucose residues; hydrolysis at these sites could allow expansion by 
separating MLG from cellulose microfibrils (Gibeaut and Carpita, 1991). An exo-
glucanase, isolated from maize coleoptile walls and shown to reduce the viscosity of 
oat IvILG, was also reported to stimulate the growth of maize coleoptiles in the 
absence of auxin (Taiz, 1984). 
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When treated by endoglucanase, maize and oat coleoptiles showed cell expansion 
comparable to the degree that auxin treatment induces (Nevins et al., 1968) and in 
the analysis of maize seedling PCWs, glucose was the only neutral sugar residue 
observed to change dramatically during growth (Nevins et al., 1968). Antibodies 
specific to cell wall glucanases have been found to prevent the release of IvIILG and 
also to inhibit auxin-induced elongation of maize coleoptiles (Inouhe and Nevins, 
1991). Auxin-induced growth may be blocked by antibodies which protect 
xyloglucan (in dicots) or MLG (in graminaceous monocots) (Hoson et al., 1991), and 
this protection is thought to be attributable to prevention of enzymic hydrolysis of the 
polysaccharides (Hoson and Nevins, 1989; Hoson, 1993). 
1.3.2.3 Non-enzymic mediated expansion 
Hydroxyl radicals have recently been proposed as a novel wall 'loosening' factor 
(Fry, 1998). As a highly reactive and destructive chemical species, their site-specific 
production may result in the non-enzymic scission of polysaccharides. The addition 
of ascorbate and H202 to xyloglucan has provided evidence of 011-mediated 
cleavage of xyloglucan chains in vitro (Miller and Fry, 2001). Identification of 
'fingerprint' molecules, generated by hydroxyl radical attack of polysaccharides, has 
provided evidence of non-enzymic scission also occurring in vivo (Fry et al., 2001; 
Miller and Fry, 2001), suggesting that hydroxyl radicals participate in cell wall 
'loosening'. 
1.3.3 Wall 'tightening' 
When cell expansion ceases, conversely, there are a number of wall 'tightening' 
factors which prevent further expansion and strengthening of walls with increasing 
age of cells. These 'tightening' factors include phenolic cross-links, which result in 
strengthening of the cell wall and make them less resistant to breakdown as is 
illustrated to the greatest degree with the formation of lignin in secondary cell walls. 
Phenolic constituents such as ferulic acid, p-coumaric acid and sinapic acid residues 
are especially prevalent in graminaceous monocot PCWs and may be involved in 
cross-linking of cell wall polymers (Section 1.1.1.4; 1.1.4.1). Phenolic cross-links 
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(isodityrosine) in extensin are present in dicot PCWs and are also suggested to limit 
cell expansion (Section 1.1.1.5). 
The cessation of growth has been found to accompany an increase in phenolic 
content (Kamisaka et al., 1990; Scalbert et al., 1985), although some phenolic 
components may also be present even in young, rapidly expanding cells (Fry et al., 
2000). Cell wall 'tightening' is thought to result from the action of peroxidase, cross-
linking adjacent phenolic components and there are many examples of negative 
correlations between growth rate and peroxidase activity (Fry, 1979, 1986). Phenolic 
components have been proposed to take part in the irreversible cross-linking of PCW 
polymers during the cessation of cell elongation, accounting for the decreases in 
response to auxin (Carpita, 1986). 
1.4 Aims and objectives 
The aim of this work was to investigate the kinetics of synthesis, wall-binding and 
breakdown of hemicelluloses in maize cell-suspension cultures in order to be able to 
construct a picture of the 'career' of a hemicellulose molecule. This was to be 
achieved using 3H-labelling of xylan and xyloglucan molecules over a 7-d period. 
The objectives of the work presented in this thesis were: 
• the establishment of a method which separates the cell culture into three 
compartments: protoplasmic, cell wall and surrounding medium, without 
detrimental effect on the [3H]xylan and [3H]xyloglucan extracted. 
• the validation that the high Mr-values observed for [3H]xylans and 
[3H]xyloglucans were true and not due to the presence of high-M r complexes. 
the monitoring of changes of [3H]xylan and [3H]xyloglucan in each of the 
separate cell compartments, over the 7-d period, with respect to 
quantity present, 
Mr. 
• the gaining of greater insight into the cross-linking of hemicelluloses in the 
culture medium 
2 Materials and methods 
2.1 General 
2.1.1 Materials 
All chemicals including radiolabels were supplied by the Sigma—Aldrich Chemical 
Company unless otherwise specified. 
Water refers specifically to deionised water, which was used throughout unless 
otherwise specified. 
2.1.2 Cell cultures 
Maize cell-suspension cultures (Zea mays L., Black Mexican sweetcom) were grown 
under constant dim illumination on an orbital shaker (110 rpm) at 25°C. Cells were 
sub-cultured fortnightly into fresh medium containing 0.47% (wlv) Murishige and 
Skoog basal medium (Sigma, M5519), 2% (w/v) sucrose and 2 jgI1 (wlv) 2,4-D, and 
adjusted to pH 4.6-4.8. The cell-suspension culture was sub-cultured by removing 
excess spent medium to leave a thick slurry. Approximately one third of the slurry 
was then transferred to fresh sterile medium. 
The medium was made up in 200-ml aliquots in 500-ml conical flasks. Bungs for 
these were made from cotton wool and muslin, covered with aluminium foil. 
Sterilisation was by autoclaving at 121'C, 15 psi for 20 mm. 
2.2 Radiolabelling and extraction of maize hemicelluloses 
Maize cells in a suspension culture were labelled with [ 3H]arabinose for periods of 
up to 4 h or 7 days in order to study the synthesis and metabolism of hemicelluloses 
in primary cell walls. Initial studies over 4 h (protocol 1) and 6 h (Section 2.9.1.1) 
were concerned with total hemmcellulosic content of the cell-suspension culture 
whereas the longer labelling period of 7 days (protocols 2, 3) was to consider 
hemicelluloses within individual compartments of the culture. The xyloglucans and 
xylans were of principal interest and could be monitored by enzymic degradation 
after fractionation by gel-permeation chromatography and mild acid hydrolysis. 
2.2.1 Protocol 1 
Changes in total 3H-hemicellulose following metabolism of [3H]arabinose over a 4-h 
period 
L-[1- 3H]Arabinose (6 MBq, 148 GBq/mmol) was added to 50 ml of 6-d-old maize 
cell-suspension culture. Aliquots (2 ml) of the culture were transferred to 12-well 
tissue culture plates (Corning, New York). During the following 4-h period, one 
aliquot of cells was killed by the addition of 3 ml of 10 M NaOH containing 1% 
NaBH4 every 5 min for 1 h and every 30 min for the next 3 h. Samples were shaken 
at 37°C for 24 h (Edelmann and Fry, 1992a). The hemicellulose extract, i.e. alkali-
soluble extract, was filtered through an empty Poly-Prep disposable chromatography 
column (Bio-Rad) and the filtrate slightly acidified with 2 ml of acetic acid on ice 
before dialysis against 0.5% chlorobutanol at 4°C to remove salt, unmetabolised 
[3H]arabinose and its low-Mr metabolites. The hemicellulose extract was frozen at - 
70°C until required. Frozen samples were thawed, divided into 1-ml aliquots, and 
initially dried before storage at —70°C but in later experiments refrozen with no 
drying. 
2.2.2 Protocol 2 
Fate of 3H-hemicellulose molecules following incorporation of 3H over a 7-day 
period 
L-[1-3H]Arabinose (6 MBq, 148 GBq/mmol) was dried and redissolved in spent 
medium before sterilising through a 0.2-nm filter. The solution was added to 50 ml 
of 6-d-old maize cell-suspension culture. This procedure was carried out in duplicate; 
one flask was sampled over a 13-h period (non-sterile) and a second flask was 
sampled over 7 days during which sterile conditions were kept. 
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The following procedure was carried out to allow separation of the culture into 3 
compartments: culture medium, protoplasmic and cell wall, and is summarised in 
Figure 2.2. 
At specific times over the 7-day labelling, 1-ml aliquots of the culture were 
transferred to Poly-Prep columns. The culture medium was allowed to filter through 
the column into a scintillation vial before the cells were rinsed with 5 ml ice-cold 
medium to slow down metabolism. The Poly-Prep was capped and the filtrate in the 
scintillation vial was labelled the culture medium and was put on ice until it was 
reasonably possible to transfer it to the freezer (-20°C). To the remaining cells in the 
Poly-Prep, 1 ml of homogenisation buffer was added (Section 2.3.4) and the cells 
were shaken to suspend them in the buffer before chilling on ice, again until transfer 
to the freezer (-20°C). 
The cells suspended in homogenisation buffer (1 ml) in a Poly-Prep column were 
separated into protoplasmic and cell wall compartments by homogenisation. The 1-
ml sample was transferred to the glass mortar of a 10-ml Potter—Elvehjem 
homogeniser by tipping up the fnt at the base of the Poly-Prep followed by 3 x 1-ml 
rinses with chilled homogenisation buffer. Cells were homogenised for 10 mm (see 
Section 2.3.3.2 for details of homogenisation). The homogenate was transferred to a 
Poly-Prep and the filtrate collected in a centrifuge tube leaving the cell fragments in 
the Poly-Prep. The cell fragments were rinsed with 4 x 1 ml H 20 and the rinses 
pooled with filtrate previously collected. Potassium chloride (0.5%, w/v) was added 
to the filtrate, precipitating dodecyl sulphate as potassium dodecyl sulphate (KDS). 
The solution was chilled (4°C) for 30 min to aid precipitation before centrifuging at 
3000 rpm for 5 mm. The supernatant was removed and the centrifugation step 
repeated. The supernatant was again removed and labelled the protoplasmic 
compartment. 
Cell fragments were treated with a 1-ml aliquot of 6 M NaOH with 1% (w/v) NaBH 4 
and shaken at 37°C for 24 h. The filtrate was collected and slightly acidified with an 
equal volume of acetic acid before labelling as the cell wall compartment. 
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6-day-old maize cell-suspension culture 
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homogenisation buffer 
[LiDS, Na2S203, glycerol, 
D1', collidine buffer, pH 7 1 
homogenised, 10 mm 
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homogenate filtered off 
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6 M NaOH, 37'C, 	 (KDS) 
24h; filter rejected 
insoluble 	soluble (neutralised) 
a- cellulose + 
Figure 2.2. Summary of the radiolabelling and separation of maize cells in suspension culture into 3 
compartments: culture medium, protoplasmic and cell wall. 
2.2.3 Protocol 3 
Comparison of different treatments in preventing cross-linking of 3H-labelled soluble 
extracellular polysaccharides (SEPs) 
L-[1- 3H]Arabrnose (0.6 MBq, 148 GBq/mmol) was dried before redissolving in 
100 tl spent culture medium. This was then sterilised by filtration directly through a 
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0.2-Am filter into 220 ml of 6-d-old maize cell-suspension culture. This was left 
under normal growth conditions for a further 2 days before aliquots (4 ml) of the 
culture were aseptically transferred to 60-ml Sterilin pots containing different 
additives (Table 2.1). 




Catalase 2.5 units/ml 
Dithiothreitol (DT) 10.0 mm 
Tyrosine (Tyr) 2.6 mM 
Ferulic acid (FA) 1.0 mm 
Sinapic acid (SA) 1.0 mm 
Rutin 1.0 mm 
Chiorogenic acid 1.0 mm 
The additives were sterilised in different ways before the culture was added. Catalase 
and DTT were made up as concentrated solutions in spent medium and sterilised 
through a 0.2-pm filter whereas Tyr, FA, SA, rutin and chlorogenic acid were 
chemically sterilised in ethanol. Catalase (from bovine liver; Sigma Chemical Co.) 
was dissolved in water (21 000 units/mg, 1 mg/ml) before diluting to 6.2 Jig/ml (10 
units! 80 l). FA, SA, rutin and chlorogenic acid dissolved in ethanol whereas 
tyrosine crystals were suspended in ethanol. These preparations were then transferred 
to Sterilin pots where the ethanol was allowed to dry off under sterile conditions and 
then sterile spent medium (80 ji) was added. 
After addition of the cultures to the pots, they were placed under normal growth 
conditions and one pot per treatment was sampled each day for the next 5 days by 
transferring and filtering the contents of the pot through a pre-weighed Poly-Prep 
column into a centrifuge tube. The pressure from a syringe fitted tightly onto the lid 
of the Poly-Prep column was used to eject the remaining culture medium before the 
pot was given a 1-ml wash with chilled medium, which was also transferred to the 
Poly-Prep column. After ejecting the remaining liquid from the Poly-Prep column, 
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the fresh weight of cells within the column was recorded and both cells and pooled 
filtrates were frozen at —70°C until required. 
2.3 Extraction of protoplasmic contents (method 
development) 
To facilitate separation into compartments of the culture (protoplasmic, cell wall and 
culture medium), sonication and homogenisation were tested for possible side-effects 
measured by changes in viscosity of a 1% (w/v) tamarind xyloglucan (tXG) solution 
in water. 
2.3.1 Viscosity measurements 
Viscosity measurements were made using a 0.2-ml pipette. A volume of tXG 
solution was sucked up the pipette and the time taken for the tXG solution to travel 
17.75 cm down the glass pipette was measured. The viscosity of each sample was 
measured 5 times. Temperature was recorded as 23-24°C throughout. 
2.3.2 Sonication of tXG solution 
A 1% (w/v) tXG solution (9.0 ml) was placed in a scintillation vial in an ice-filled 
beaker and sonicated in an MSE Soniprep-150 at amplitude 13 tim for 2 minutes. 
2.3.3 Homogenisation of tXG solution 
A solution (9.5 ml) of 1% (w/v) tXG was homogenised by repeated plunges using a 
10-ml Potter—Elvehjem homogeniser (glass mortar and teflon pestle). After 10 
plunges, the temperature of the solution in the mortar was adjusted to 23-24°C and 
the viscosity was measured as above (2.3.1), ensuring the tip of the glass pipette was 
consistently submerged 4 mm into the tXG solution. 
In a second set of experiments, more closely mimicking the conditions used during 
homogenisation of cells, an 8.3-ml aliquot of 1% (w/v) tXG solution was 
homogenised using a 10-ml Potter—Elvehjem homogeniser, where the pestle was 
attached to a drill to rotate the pestle at - 200 rpm. This allowed movement both 
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vertically and rotationally as the glass mortar was moved up and down at the same 
time as the pestle was being turned. Viscosity measurements were carried out as 
detailed above (2.3.1) on 300-z1 samples placed in an Eppendorf after timed 
intervals. 
2.3.4 14C-Labelling of proteins in protoplasmic compartment 
Experiments designed to maximise the release of protoplasmic contents were carried 
out by monitoring the release of 14C-labelled cellular protein. To gauge an amount of 
total cell [14C]protein,  trichloroacetic acid (TCA) was used to precipitate protein and 
dissolve free unincorporated [ 14C]leucine. 
' 4C-Labelling of protoplasmic compartment 
L-[U-' 4C]Leucine (375 kBq, 11.5 GBq/mmol) was dried before redissolving in 1 ml 
of spent culture medium. This was sterilised by filtration directly through a 0.2-tm 
filter into 20 ml of 1-d-old maize cell-suspension culture, which was left under 
normal growth conditions. 
After a further 5 days the culture was centrifuged at 3000 rpm for 5 mm. The 
supernatant was then removed and the cells were washed by topping up with H20 
and centrifuged again. This was repeated 3 times before resuspending the cells in 20 
ml H20 and freezing at —70°C until required. This procedure removed any 
[' 4C]leucine that had not been taken up by the cells. 
Measurement of 14C-labelled protein 
A 1-ml aliquot of (Leu-' 4C)-labelled culture was added to 1 ml of 30% (wlv) TCA 
and left overnight at 4°C to allow the precipitation of protein. The sample was 
centrifuged at 3000 rpm for 5 min and the supernatant removed and replaced with 
14.5 ml H2O. The centrifugation was repeated and the supernatant removed and then 
5 ml of H20 was added before centrifuging again. After this the supernatant was 
removed to the 1-ml mark and 4 ml of aqueous scintillation fluid (OptiPhase 
'HiSafe' 3, Wallac) was added. The contents were vortexed and transferred to a 
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scintillation vial and this transferring procedure was repeated with a 4-ml and then 2-
ml volume of aqueous scintillant before assay of radioactivity. 
2.3.5 Homogenisation buffer 
Table 2.2 details the constituents of the homogenisation buffer. A stock solution of 
homogenisation buffer was kept chilled at 4°C without the Dli' until ready for use 
when the Dli' was added. Formulation of homogenisation buffer is discussed in 
Section 3.2.2. 
sation buffer com 	t concentrations 
_F 
Homogenisation buffer component 	 Concentration 
Lithium dodecyl sulphate 	 (LIDS) 	2% (wlv) 
Glycerol 	 10% (v/v) 
Sodium thiosuiphate 	 (Na2S203) 	5 mM 
Dithiothreitol 	 (DTT) 	10 mm 
Collidine acetate buffer, pH 7.0 	 50 mM 
2.4 Gel-permeation chromatography (GPC) 
Two types of gel were used for GPC during the period of study: polyacrylamide and 
agarose gels. Polyacrylamide gels (the Bio-Gel P series) are synthetic crosslinked 
polymers which form a gel in 1120. Bio-Gel P-2, with an exclusion limit of 1800 Da 
(based on globular proteins) and an inclusion limit of 100 Da, provides a useful 
medium for the separation of hemicellulosic polymers from mono-, di- and 
oligosaccharides as well as any low Mr contaminants. 
Agarose gels can be used effectively in size-fractionating a sample of hemicellulose. 
Calibration of the column using carbohydrates of known molecular weights (Mr) 
allows estimation of hemicellulose size. Although stabilised by hydrogen bonding, 
the agarose gel can be cross-linked covalently (Sepharose CL) to make it more stable 
thermally and chemically while maintaining the same porosity as the original gel. 
The porosity of the gel is important as it decides what is above the fractionation 
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range of the gel (and therefore elutes in the void volume, 17; Table 2.3) and what is 
below (elutes in totally included volume, V,). 
Table 2.3 Mr fractionation range of Sepharose CL gels (Pharmacia, 1991) 
Gel type 	 Mr fractionation range (Dextrans) 
Sepharose CL-6B 
	
10 000 — 1000000 
Sepharose CL-4B 
	




2.4.1 Bio-Gel P-2 fractionation method 
A Bio-Gel P-2 column (100-ml bed volume, 1.5 cm diameter) was run in 
pyridinefHOAc/H20, 1:1:23 (v/v/v), pH 4.7 (Py/AIW) in 0.5% chlorobutanol. Blue 
dextran (0.1%, w/v) and arabinose (0.4%, w/v) were added to the sample to mark the 
V0 and V,, respectively. The first 30 ml was discarded and the next 55 fractions 
(-1.4 ml) were collected; the blue fractions (V0) were pooled before size-
fractionating an aliquot on Sepharose CL-4B. Each fraction (100-jil sample) was 
assayed for radioactivity (see Section 2.4.3) and 20 ttl of fractions 24-55 was spotted 
on Whatman 3MM paper and stained with full strength aniline hydrogen-phthalate 
(Fry, 1988). to visualise arabinose. 
In later experimental work mini-columns (10 ml bed volume) were used to remove 
low-Mi contaminants. Blue dextran was added to visualise the V0 , which 
corresponded to total 3H-polymer, and this was collected and assayed for 
radioactivity. 
2.4.2 Sepharose CL fractionation method 
Sepharose CL-213, 4B, and 6B were used over the period of study to fractionate 
hemicelluloses. If not otherwise specified, pyridine/HOAc/H 20, 1:1:23 (vlv/v), pH 
4.7 (Py/AJW) in 0.5% (w/v) chlorobutanol was the running buffer used throughout. 
Sepharose CL-613 was used initially but then Sepharose CL-4B was predominately 
used. 
M. 
2.4.2.1 Fractionation by Sepharose CL-4B 
More than one column was used to size-fractionate hemicelluloses but each was 
100-1 15-ml bed volume in a 1.5 cm diameter column. The sample was run through 
Sepharose CL-4B at - 7 mUmin to give '-70 fractions. The void (V0) and totally 
included (V,) volumes were identified by the anthrone assay (Section 2.4.2.3), 
resulting in -'50 fractions of interest. Slight modifications to the preparation of the 
sample, quantities loaded onto the column and type of V0 and V1 markers used are 
detailed below. Protocols 1-3 (below) correspond to labelling protocols 1-3 outlined 
in Section 2.2. 
Protocol 1 
Hemicellulose extract was redissolved in 2 ml Py/A/W, containing 0.01% (wlv) 
dextran (Mr 5-40 MDa) and glucose to identify the void and totally included 
volumes respectively. 
Protocol 2 
A 4-ml aliquot of compartment extract was added to crystals of industrial dextran (5-
40 MIDa) and sucrose, resulting in final concentrations of 0.04% (w/v) dextran and 
0.02% (w/v) sucrose, markers to identify the V0 and V1 volumes respectively. 
Protocol 3 
A 2-ml aliquot of culture medium was added to 2 ml of running buffer and industrial 
dextran crystals, resulting in a final dextran concentration of 0.04% (w/v) and 
loading volume of 4 ml. Sucrose was not required as a V1 marker because sufficient 
amounts were already present in the medium. When performing anthrone assays it 
was necessary to dilute the included volumes to 1/10 because of this excess. 
Calibration of Sepharose CL-4B column 
Dextrans of known weight-average Mr in conjunction with trace quantities of 
radioactive markers were used to calibrate Sepharose CL-4B columns. The 
radioactive markers allowed the Mr distribution of the dextran to be determined by 
anthrone assay without any additional colour being due to the radioactive markers. 
To mark the V0 , 311-hemicellulose isolated from an area of the profile known to co-
elute with high-Mr industrial dextran (M - 4x107); [ 14C]sucrose was added to mark 
the V,. 
The sample for each calibration run consisted of the dextran of known weight-
average M (final concentration 0.04%), 3H-labelled void extract (-1 kcpm) and 
[ 14C]sucrose (-1 kcpm) in a final volume of 4 ml of running buffer. 
2.4.2.2 Fractionation by Sepharose CL-6B and CL-2B 
Sepharose CL-6B (96-ml bed volume, 1.5 cm diameter column) was run under the 
same operating procedures as Sepharose CL-4B for Protocol 1 (Section 2.4.2.1). 
Sepharose CL-2B (69-ml bed volume, 1.5 cm diameter column) was run at 7 mi/h 
and the loading volume was reduced to 2 ml while the V0 and V, markers were 
increased to 0.08% (w/v) industrial dextran (5-40 MIDa) and 0.04% (w/v) sucrose. 
2.4.2.3 Anthrone assay 
The anthrone assay was used for dextrans and sucrose (Dische, 1962). A 100-JLl 
aliquot of each fraction was diluted to 500 til with H 20 and then 1 ml of 0.2% (w/v) 
anthrone in conc. H2SO4 was added. The mixture was whirled thoroughly and the 
solution was left to cool for at least 15 min before A600 was read. 
2.4.3 GPC radioactivity profile 
After fractionation by GPC, the radioactivity of 100 ttl of each fraction was assayed 
in 1 ml aqueous scintillation fluid. This gave a radioactivity profile over the Mr  
fractionation range of the gel used (e.g. Fig. 3.6, 3.8). 
In later experiments the 100-pA sample was added to 900 pA H 20 and then to 10 ml 
aqueous scintillation fluid, to maximise counting efficiency. 
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2.5 Acid hydrolysis of hemicelluloses 
Tnfluoroacetic acid (TFA) was used either to hydrolyse Driselase-resistant 
hemicelluloses completely (2 M, 120°C, 1 h) or to remove arabinose side chains 
making the remaining glycosidic bonds more Driselase digestible (0.1 M, 60-100°C, 
1 h). 
2.5.1 Driselase followed by acid hydrolysis 
Hemicellulose extract was Driselase-digested under standard conditions, spotted on a 
paper chromatogram and developed in EIPyIW. The first 10 cm of the paper 
chromatogram was cut into 1-cm strips, which were treated with 2 M TFA at 120°C, 
1 h. The hydrolysates were then transferred to Eppendorfs and dried before being 
redissolved in H20 and developed in EJPy/W again. Each hydrolysate produced an 
individual profile of radioactivity across the paper chromatogram, which was cut into 
1-cm strips and assayed with aqueous scintillant. 
2.5.2. Partial hydrolysis 
2.5.2.1 Acid hydrolysis with and without subsequent Driselase 
digestion 
Twelve 75-p.l samples of hemicellulose extract were each given one of four 
treatments, each of which was carried out in triplicate. Two sets were pipetted 
directly into Eppendorf tubes and then concentrated to 50 p.1 (control) or to 10 p.1 
before digestion with 40 11 0.5% Dnselase under standard conditions. The other two 
sets were partially hydrolysed with 1 ml of 0.1 M TFA at 100°C for 1 h. One of these 
samples was transferred to an Eppendorf tube with washings, dried and redissolved 
in —10 p.!, to which 40 p.1 of 0.5% Driselase was added before digestion under 
standard conditions; the other was concentrated with the washings to 50 p.1. The 
products of all the treatments were subjected to paper chromatography in E/Py/W 
and then 1-cm strips were cut out, soaked in 0.5% chiorobutanol and assayed with 
aqueous scintillant. 
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2.5.2.2 Varying temperature 
Hemicellulose extract (100 .Ll) was hydrolysed with 0.1 M TFA at 60°C, 70°C, 80°C 
or 90°C for 1 h in Sarstedt tubes in a water bath. The sample was dried and 
redissolved in 200 jl H20 before being dried again. For each temperature setting the 
treatment was duplicated, allowing one sample to be redissolved in 40 jl distilled 
H20 and the other to be redissolved in 40 ttl 0.5% Dnselase and digested at 37°C for 
48 h. Both samples were spotted on Whatman 3MM paper, which was developed in 
EIPyIW, dried and cut into 1-cm strips. The strips were soaked overnight in 1 ml of 
0.5 % chlorobutanol and assayed with 10 volumes of aqueous scintillant. External 
markers run between samples indicated the positions of sugars. 
2.5.2.3 Conditions used to maximise Driselase susceptibility 
The final procedure executed between size fractionation and enzymic fragmentation 
to make the hemicellulose more susceptible to Driselase was a pre-treatment with 
0.1 M TFA at 85°C for 1 h. 
Sepharose fractions were dried in a Speedvac and then 1 ml of 0.1 M TFA was added 
before hydrolysis in a water bath at 85°C for 1 h. Samples were heated in 2-ml micro 
tubes (Sarstedt) whose screw tops prevented loss of volume. After hydrolysis the 
samples were again dried in a speedvac, then re-dried from 40 111 H 20 to ensure all 
traces of TFA were removed prior to enzymic digestion. 
2.6 Enzymic treatments 
Driselase is a complex mixture of endo- and exo-hydrolases from the fungus Irpex 
lacteus. Of most importance to allow the study of xyloglucan is an endo-(1---4)-I-D-
glucanase and an exo-(1--4)-3-D-xyloglucosidase, which act in concert to break 
down xyloglucan, releasing the diagnostic disaccharide c(-D-Xyl-(l —6)-D-Glc 
(isopnmeverose). It also contains an endo-xylanase and a -xylosidase, which 
together can convert xylans to 3-D-Xyl-(1--34)-Xyl (xylobiose) and xylose. With 
regard to GAX side groups, although there does not appear to be any (X-D- 
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glucuronidase in Dnselase, there is (X-L-arabinosidase, which plays an important role 
in removing arabinose side chains, thus making xylan more accessible to digestion. 
Licheninase and protease digestion were both used to remove compounds associating 
with GAX or xyloglucan and whose interaction was hypothesised to be responsible 
for the appearance of high-M r complexes; licheninase was used to remove MILG and 
protease was used to minimise any glycoprotein association. 
Catalase is known to scavenge excess hydrogen peroxide and was used in protocol 3 
for this reason. 
2.6.1 Driselase 
Dried samples of hemicellulose extract were redissolved in 40 p.1 0.5% (w/v) 
partially purified (Fry, 1988) 'Driselase' (Sigma Chemical Co.) in Py/A/W (1:1:98, 
pH 4.7) containing 0.5% chlorobutanol, with internal markers of xylose, arabinose, 
glucose, isoprimeverose and xylobiose (see section 2.7.1 for marker preparation) 
before incubation at 37 °C for 48 h. The digestion was stopped by drying the sample 
onto Whatman 3MM paper or freezing the sample until drying onto paper was 
possible. 
In later experiments, dried samples were pre-treated with a partial acid hydrolysis 
(Section 2.5.2.3) before addition of 20 ,Ll 0.5% Driselase. Marker mixture (20 Al; see 
section 2.7.1) was added after an incubation time of 96 h at 37°C, before loading the 
sample onto Whatman 3MM paper. 
2.6.2 Licheninase 
Dried sample was redissolved in 1 ml of 100 mM collidine acetate buffer (pH 7.0) 
containing 0.5% chiorobutanol, to which - 70 units of licheninase (from Bacillus 
subtilis; Megazyme), in the same buffer, was added. The incubation was carried out 
at room temperature (approx. 20°C) for 8 h. 
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2.6.3 Protease 
Protease digestion was carried out using a protocol described by Thompson and Fry 
(2000). Proteinase (Sigma; type XIV) from Streptomyces griseus was dissolved in 
water (5.6 units/mg; 40 mg/ml), pre-digested by incubation at 37°C for 4 h, and 
stored as a stock solution at —20°C. This was diluted to 0.125 mg/ml in 50 mM Tris-
HC1 containing 5 mM EDTA (pH 7.5) and 0.5% chlorobutanol, added in 1-ml 
aliquots to dried samples and incubated at 37°C for 24 h. 
2.7 Separation and identification of 3H-labelled diagnostic 
fragments 
Descending paper chromatography (PC) using Whatman 3MM paper was used 
throughout. After development in the appropriate solvent, the paper chromatogram 
was allowed 24 h to dry fully before staining with 1110th  strength aniline hydrogen-
phthalate to detect sugars. A marker mixture containing xylose, arabinose, glucose, 
isoprimeverose and xyiobiose was used both internally and externally. 
Concentrations of the markers, with the exception of arabinose, are not exact as the 
mixture was derived from Driselase-digested xyloglucan and xylan. 
2.7.1 Preparation of paper chromatography marker mixture 
Tamarind xylogiucan (Dainippon Pharmaceutical Co.) and xylan (from birchwood; 
Sigma Chemical Co.), both at 1% w/v, were separately shaken with Dnselase (1.0%) 
in Py/A/W (1:1:98, pH 4.7) containing 0.5% chlorobutanol, at 37 °C for 48 h. After 
incubation the digested xyloglucan was added to the digested xylan in a 2:1 ratio and 
to this mixture arabinose was added to a final concentration of 0.2% (w/v). The 
mixture was filtered through a Poly-Prep column followed by a 0.2-Am filter, before 
storage at 4°C. 
2.7.2 Solvent systems 
EtOAc/pyridinefH20 (9:3:2; E/PyIW) for 18 h was the standard solvent mixture used 
to separate Dnselase-digested products (Thompson and Fry, 1997) as it gives clear 
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resolution of the monosaccharides xylose and arabinose, and the disaccharides 
xylobiose and isoprimeverose. 
The slower-moving BuOITJHOAcIH2O (B/MW; 12:3:5, v/v/v), 18 h, solvent system 
is useful as it does not run off the end of the paper so all the non-volatile 
radioactivity is retained. It does not, however, completely resolve arabinose from 
xylose or isopnmeverose from xylobiose. 
2.7.3 Effect of staining with aniline hydrogen-phthalate on 
efficiency of scintillation-counting 
[3H]Arabinose was diluted with Py/AJW (1:1:98, pH 4.7) and paper chromatography 
internal markers. Aliquots of the mixture were spotted on Whatman 3MM paper and 
developed in E/PyIW. One such aliquot contained 1200 cpm by direct assaying using 
aqueous scintillation fluid. Radioactive aliquots were run between external markers 
containing xylose, arabinose, glucose, isoprimeverose and xylobiose and also ink 
spots from black permanent marker which allowed identification of where the lanes 
were running. The positions of the arabinose spots were estimated using the external 
markers and ink lanes and the spots were cut out and either left unstained or were 
stained with 1120th 1116th 1110th or full-strength aniline hydrogen-phthalate. The 
papers were heated in an oven at 105°C for either 0, 1, 2, 5 or 15 min before soaking 
overnight in 1 ml 0.5% chlorobutanol and assaying for 3H in aqueous scintillant. 
Each treatment was carried out in triplicate. 
2.7.3.1 Optimal conditions for staining with 1110th  aniline hydrogen-
phthalate 
Aniline hydrogen-phthalate was used at full strength, with the resulting colour 
developed in an oven at 105°C for 5 min to visualise sugars qualitatively. In 
identification of 311-labelled diagnostic fragments prior to scintillation counting, 
paper chromatograms were stained less severely to minimise masking of 
radioactivity by colour development. Solutions were made up at 1/10t1  strength and 
developed at 105°C for 2 mm. 
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2.7.4 Assay of 3H-labelled products 
Identified spots on PCs were cut out and were either assayed directly with non-
aqueous scintillant (OptiScint 'HiSafe', Wallac) or soaked overnight in 0.5% (w/v) 
chiorobutanol and then assayed in a 1:10 ratio with aqueous scintillant to boost 
counting efficiency. 
2.7.5 PC of 3H-products 
By employing different solvent systems, PC could be used to look at total 3H-
polymer and unmetabolised [3H]arabinose in the culture medium compartment as 
well as 3H-labelled diagnostic fragments from all 3 compartments. 
Total 3H-polymer and unmetabolised [3H]Ara 
A 200-,.d culture medium sample had 20 l of 10% (w/v) arabinose added and was 
loaded as a streak onto Whatman 3MM paper. The paper chromatogram was run 
overnight in B/AIW (12:3:5), 16 h, and then left to dry for 24 h before staining with 
1/10th aniline hydrogen-phthalate. The origin areas (5 cm x 7 cm) were assayed for 
3H with non-aqueous scintillant and the arabinose spot was soaked before assaying 
with aqueous scintillant. 
3H-Labelled diagnostic fragments 
A 20-JL1 aliquot of PC marker mixture (Section 2.7. 1) was added to each of the 20-111 
Driselase-digested samples and loaded as a spot in 2 x 20 jl loadings (drying in 
between loadings) onto Whatman 3MM paper. The paper chromatogram was 
developed overnight in E/PyIW (9:3:2), 18 h and then left to dry for 24 h. After 
staining the PC with 1/10th aniline hydrogen-phthalate the origin spots were cut out 
and counted with 2 ml non-aqueous scintillant and the Xyl, Ara, Xy1 2 and IP spots 
were soaked before assaying with aqueous scintillant. 
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2.8 Summary of preparation of size-fractionated diagnostic 
fragments following extraction of compartments 
The sequence of procedures leading to a size-profile of xylans or xyloglucans is 
outlined in Figure 2.3, summarising methods discussed in the Sections 2.4-2.7, the 
development of which is discussed in Sections 3.3-3.5. 
Step 1. SIZE FRACTIONATION Step 2. ENZYMIC FRAGMENTATION 
Compartment 	 Sepharose size- 
(Extract) 
Desalt on 
B jo-Gel P-2 6 M NaOH,* 
37°C, 24 h 
Mild TFA hydrolysis 
0.1 M TFA, 85°C, 1 h 
Sepharose CL-4B 
PyAW(1:1:23), pH 4.7 
Driselase digestio 
0.5%, 37 °C, 96 h 
PC 
IEPYW (9:3:2), 18 
I Size-fractions .1 
Diagnostic fragments 
(Xyl. Xy12, Xyl-Glc, Ma) 
Figure 2.3 Overview of analysis carried out on hemicelluloses extracted from culture compartments. 
* This step was sometimes omitted (see Section 4.3.1.2; 4.3.3.2) 
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2.9 Alkali treatments 
Alkali treatments were employed to extract 311-hemicellulose, to minimise 
aggregation of xylan and xyloglucan caused by sample storage and to standardise the 
pre-treatments administered to 3H-hemicelluloses from all three discrete 
compartments of the cell (protoplasmic contents, SEPs and cell walls). 
2.9.1 Effect of alkali treatment time on 3H-hemicellulose 
2.9.1.1 Extraction of 3H-hemicelluloses over a 24-h time course 
L-[1- 3H]Arabrnose (12 MBq, 148 GBq/mmol) was added to 20 ml of 6-d-old maize 
cell-suspension culture and left under standard growing conditions (Section 2.1.2) for 
6 h. The cells were then killed by the addition of 30 ml of 10 M NaOH containing 
1% (w/v) NaBFL. The cell culture was shaken at 37 °C for up to 24 h. Samples (1 ml) 
were removed throughout the 24-h extraction period and transferred to a previously 
weighed Poly-Prep column. The filtrate was collected in a centrifuge tube while the 
cells were washed twice with 6 M NaOH containing 1% (w/v) NaBH 4. The filtrate 
on ice was acidified with an equal volume of glacial acetic acid. Sodium thiosuiphate 
was added to a final concentration of 10 mM as a free radical scavenger (Brady and 
Fry, 1997). The hemicellulose extract was stored at 4°C until required. 
2.9.1.2 Disaggregation of high-Mr  complexes formed during storage 
The formation of high-Mr complexes was observed in alkali-extracted hemicellulosic 
material (obtained from whole maize culture) during storage of the extract at —20°C. 
A second alkali treatment was administered to the extract to test whether these 
associations could be disrupted. 
3H-Henicellulose, extracted from whole maize culture (210 min after the addition of 
[3H]Ara), was used (radiolabelling protocol 1; Section 2.2.1). To each of 5 x 450-pd 
aliquots, 675 jl of 10 M NaOH with NaBH4 was added to give a final concentration 
of 6.0 M NaOH containing 1% (w/v) NaBH4. Samples were shaken at 37°C for 
0 mm, 2 mm, 1 h, 24 h and 1 week before acidifying with 500 td glacial acetic acid 
(the 0-min treatment was acidified prior to addition to the 3H-hemicellulose sample). 
V0 and V, markers (375 pd) were added to give a final concentration of 0.02% 
dextran, 0.01% sucrose. Triplicate 100-pd aliquots were assayed for radioactivity and 
the remaining solution was size-fractionated using Sepharose CL-4B without prior 
removal of the NaOAc. 
Alternate GPC fractions were partially acid hydrolysed (0.1 M TFA, 85°C, 1 h; 
Section 2.5.2.3) and then Driselase digested (0.5% Driselase, 37°C, 96 h; Section 
2.6.1) before separation of the 3H-labelled diagnostic fragments using PC (E/PyIW 
(9:3:2), 18 h; Section 2.7.5). 
2.9.1.3 Increasingly severe alkali treatments of SEPs 
A 4-d-old (after the onset of 311-labelling) sample of 3H-SEPs (Section 2.2.2) was 
chromatographed using Bio-Gel P-2 and the V0 collected (Section 2.4.1). Of the total 
8.5 ml V0 collected, 4 ml, untreated by alkali, was loaded onto Sepharose CL-4B, 
size-fractionated and assayed as previously outlined (Section 2.4.2; 2.4.3); an 
additional 4.2 ml was freeze-dried, redissolved in 8 ml of 0.1 M NaOH with 1% 
(w/v) NaBI-L1, and pipetted as 2-ml aliquots into 4 centrifuge tubes. The four aliquots 
were treated as outlined in Table 2.4. Treatments reported as 20°C were at room 
temperature, which was approximately this temperature. Samples were shaken during 
the 24-h treatments. All samples were acidified with glacial acetic acid and then 
diluted to a final volume of 4.15 ml. A 4-ml aliquot was size-fractionated using 
Sepharose CL-4B without prior removal of NaOAc. 
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Table 2.4 Alkali treatment conditions of increasing severity given to 3H-SEPs 
NaOH concentration (M) Duration of treatment 	Temperature 
	
0.1 	 2 min 	 20°C 
0.1 	 24h 	 20°C 
0.1 	 24h 	 37°C 
6.0 	 24 h 	 37°C 
Alternate GPC fractions were partially acid hydrolysed (0.1 M TFA, 85°C, 1 h; 
Section 2.5.2.3) and then Driselase digested (0.5% Driselase, 37°C, 96 h; Section 
2.6.1) before separation of the 311-labelled diagnostic fragments using PC (EIPyIW 
(9:3:2), 18 h; Section 2.7.5). 
2.9.2 Alkali conditions used to standardise protoplasmic 
contents and SEPs with cell wall extracts 
Soluble extracellular and protoplasmic 3H-polysaccharides, of different ages after the 
addition of [3H]Ara (radiolabelling protocol 2; Section 2.2.2), were chromatographed 
on Bio-Gel P-2 and the V0 collected (Section 2.4.1). From each V0 sample, one 
portion was chromatographed on Sepharose CL-413 as outlined previously (protocol 
2; Section 2.4.2.1). An additional portion was freeze-dried and treated with 2 ml of 6 
M NaOH with 1% (w/v) NaBH 4, at 37°C for 24 h, acidified with glacial acetic acid, 
de-salted on Bio-Gel P-2 to remove NaOAc, and size-fractionated using Sepharose 
CL-413; triplicate 100-.d aliquots of the GPC fractions were assayed for radioactivity 
(Section 2.4.2; 2.4.3). Samples were not frozen between removal of NaOAc and size-
fractionation to avoid increases in apparent Mr. Samples were stored at —20°C after 
size-fractionation until the GPC fractions were partially acid hydrolysed (0.1 M TFA, 
85°C, 1 h; Section 2.5.2.3) and then Driselase digested (0.5% Driselase, 37°C, 96 h; 
Section 2.6.1) before separation of the 311-labelled diagnostic fragments using PC 
(EIPyJW (9:3:2), 18 h; Section 2.7.5). 
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3 Method development 
3.1 Growth curve of maize cell-suspension cultures 
The growth curve of suspension-cultured maize cells was investigated by measuring 
the changes in volume and weight of cells over a 2-week period. Settled cell volume 
(SCV), packed cell volume (PCV) and fresh weight were measured during growth in 
60-ml Sterilin pots compared to 500-ml flasks. 
Fresh weight was found to be the most reliable method of evaluating cell growth, as 
was expected (Lorences and Fry, 1991): variability between replicate measurements 
was reduced. Increased growth rate in pots compared to flasks was found, possibly 
owing to increased available oxygen because of the increased area:volume ratio (Fig. 
3.1). Cells were fastest growing after about 6 days' culture and this stage was 
therefore chosen for use in metabolism experiments. Cells were used 6 days after 
sub-culturing with the exception of protein labelling, when the cells were one day old 
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Time after subculturing (days) 
Figure 3.1 Growth curve of maize cells in suspension culture. Growth was determined by weight of 
cells in 5 ml suspension culture grown either in 500-ml flasks (-230 ml culture per flask) or 
in 60-ml Sterilin pots (5 ml culture per pot). 
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3.2 Isolation of protoplasmic contents from whole cells 
In order to study the career of 311-labelled hemicelluloses following synthesis in the 
protoplasm it was necessary to develop a method which could separate the 
protoplasmic compartment from the cell wall compartment. This had to be successful 
in releasing protoplasmic contents without adversely affecting hemicellulose 
structure. 
3.2.1 Viscosity measurements on tamarind xyloglucan 
Viscosity of a solution of tamarind xyloglucan (tXG) was monitored as a standard to 
assess whether the extraction methods had a detrimental effect on the structure of the 
hemicelluloses. Any decrease in the viscosity of a tXG solution following the 
extraction method would be indicative of hemicellulose breakdown, resulting in a 
reduction in the average Mr. 
3.2.1.1 Sonication 
Sonication was tested as a possible extraction method as it had previously been used 
for separating protoplasmic from cell wall material (Thompson and Fry, 1997). 
Glycerol was included as a protective agent to minimise hemicellulose breakdown by 
scavenging any hydroxyl radicals generated during the extraction 
Both room and sample temperature were monitored throughout and remained in the 
range 23.0-24.0°C. The viscosity of the sample, however, changed dramatically with 
an 81.9% reduction after 2 min sonication at 13-am amplitude (Fig. 3.2a). Glycerol 
was not effective in preventing this with an 81.3% reduction still occurring (Fig. 
3.2b) during sonication. This disqualified sonication as a possible extraction method 
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Sonication time 
Figure 3.2 Effect of sonication on the viscosity of tXG: (a) with 5% (v/v) glycerol and (b) without 
glycerol. Efflux time represents the time interval for the xyloglucan solution to travel 
17.75 cm down a 0.2-ml glass pipette. Error bars represent the SE of mean. 
3.2.1.2 Homogenisation 
Homogenisation as described in Section 2.3.3 had no detrimental effect on 
xyloglucan viscosity (Fig. 3.3a). The severity of homogenisation was then increased 
by attaching the homogeniser pestle to a drill, allowing movement in two directions 
when homogenising, but this still did not affect tXG viscosity (Fig. 3.3b). This was 
therefore considered a safe method with which to disrupt cells to release 
protoplasmic contents free from cell wall material without appreciably changing the 
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Figure 3.3 Effect of homogenisation on 1% tXG viscosity in a 10-ml Potter—Elvehjem homogeniser. 
Homogenisation was carried out by (a) repeated manual plunges, (b) repeating plunges and 
rotation with a drill. Temperature was 23-25°C throughout. Mean viscosity from 5 replicate 
measurements with error bars representing the SE of mean. 
3.2.2. Homogenisation buffer 
A homogenisation buffer had to be developed to use for extraction of protoplasmic 
contents. Initially sodium dodecyl sulphate (SDS) was considered a suitable additive 
being able to denature proteins and so prevent any enzymic breakdown of 
hemicelluloses during the extraction. When stored at 4°C or lower, however, SDS 
was found to precipitate. LiDS was therefore substituted having similar properties 
while remaining highly soluble when chilled. 
Although LiDS successfully remained in solution, when combined with high 
concentrations of Na such as in the antioxidants sodium thiosuiphate and sodium 
metabisuiphate, or sodium phosphate buffer, the Na precipitated the dodecyl 
sulphate when chilled. A solution of 5 mlvi sodium thiosuiphate was found to be 
acceptable as the only Na containing chemical in the homogenation buffer. The 
reducing agent, dithiothreitol (Dill') was also included as an antidoxidant helping to 
prevent oxidative coupling of wall-bound phenolics. The extractant was buffered at 
pH 7.0 using 50 mM collidine acetate, which could be chilled without precipitating; a 
buffer was required in case of the release of vacuolar acids during the extraction. 
By including 10% (vlv) glycerol, the sample could be stored at —20°C without bulk 
freezing. This low temperature was thought favourable as it may possibly protect the 
hemicellulose against degradation. Storing the sample at 0°C and below, however, 
resulted in the formation of ice crystals which impeded homogenisation; thus, the 
sample was stored in the buffer at —20°C but allowed to return to a chilled 
temperature (0-4°C) prior to homogenisation. 
3.2.3 Release of 14C-labelled protoplasmic contents by 
homogenisation 
The release of 14C-labelled protoplasmic proteins indicated how efficiently the 
protoplasmic contents were released. Trichloroacetic acid (TCA) was added to the 
extract to precipitate cellular protein. 
Figure 3.4 shows that the release of 14C-labelled protein was essentially complete 
after 7 min homogenisation. The inclusion of 50% glycerol made the homogenisation 
more difficult owing to the increased viscosity of the solution and this was reflected 
in the less efficient release of the 14C-labelled protein. Both the 10% and 50% 
glycerol additions to the solutions allowed the sample to be cooled initially to —20°C 
before allowing the sample to return to 0°C prior to homogenisation. Although 
homogenisation was carried out with mortar surrounded by iced water, the sample 
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Figure 3.4 Effect of homogenisation on the release of 14C-labelled protoplasmic contents of maize 
cells in suspension culture. Extraction was carried out in a 10-ml Potter—Elvehjem 
homogeniser in the buffer described in Table 2.2, but with 10 or 50% (v/v) glycerol. 
The inclusion of 10% rather than 50% (v/v) glycerol was chosen because of its 
increased extraction efficiency over 10 mm. Also, the viscosity of the higher glycerol 
concentration would have been a problem in the subsequent Bio-Gel P-2 step. An 
extra aid to maximising the release of protoplasmic contents was the freezing and 
thawing of the cells, helping to rupture the cell walls. This was possible by addition 
of buffer at the time of sampling the labelled cells and then freezing the cells until 
ready for extraction. 
3.3 Gel-permeation chromatography (GPC) 
3.3.1 Bio-Gel P-2 
Extracts of each compartment of the cell were fractionated on Bio-Gel P-2 to yield 
3H-polymers, 3H-oligomers and lOWM r contaminants. The contaminants were 
different for each compartment: culture medium contained unmetabolised [3H]Ara 
and 3H20, the protoplasmic compartment contained glycerol, [3H]Ara and LiC1, and 
the cell wall compartment contained approximately 6 M Na, which interferes with 
Driselase treatment and also makes paper chromatography of the samples impossible. 
Both the culture medium and protoplasmic extracts also contained low-M. 3H-
products which approximately co-eluted with [3H]Ara. Figure 3.5 shows a Bio-Gel 
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Figure 3.5. Radioactivity profile of a 0.5-ml aliquot of 'H-hemicellulose fractionated on Bio-Gel P-2 
(10-ml bed volume). Time-point used: 6 h after 'H-radiolabelling of alkali-extracted 
material from whole maize culture (Section 2.9.1.1). Addition of blue dextran allowed 
visualisation of V0. Arabmose marking the V1 was visualised by spotting 20 .tl of sample on 
Whatman 3MM and staining with aniline hydrogen-phthalate. 
Blue dextran (0.2%, w/v) and non-radioactive arabinose (0.4%, w/v) were used to 
visualise the V0 and V,, respectively. By increasing the column bed volume from 
10 ml to 100 ml (Fig. 3.6) the separation was improved so the presence of any 3H-
oligosaccharides eluting between the V0 and V, was shown. It should be noted that 
arabinose has been arbitrarily defined as marking V, during GPC even though on 
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Figure 3.6 Radioactivity profile of 3H-labelled culture medium compartment (3 day) on Bio-Gel P-2 
(100 ml). Different areas of interest have been labelled on profile: 3H-polymer (within V0), 
311-oligomer (within fractionation range), [3H]Ara and 3H20. 3H-Polymer area appears as a 
block which represents the radioactivity of the pooled fractions containing blue dextran. 
Removal of 	and 3H20 
With the lower cut-off of the Bio-Gel P-2 column at approximately 100 Da, [3H]Ara 
was found to resolve partly from 3H20 (Fig. 3.6). The disappearance of the 3H in the 
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Figure 3.7 Elution of 3H20 and [3H]Ara from Bio-Gel P-2 (100-ml bed volume). Radioactivity elution 
profile of 3-day culture medium sample was observed with and without drying of sample to 
confirm the presence of 3H 20. 
3.3.2. Sepharose CL-6B, 4B and 2B 
3.3.2.1 Profiles of total culture 3H-polymers 
Sepahrose CL-613, CL-4B and CL-2B were all used over the period of study. 
Sepharose CL-6B was used initially, as for rose hemiceilulosic extracts (Thompson 
and Fry, 1997), but it was found to have too low an exclusion limit to fractionate the 
hemicellulose adequately. A typical profile of 31-1-labelled extracted material obtained 
after treatment of the whole maize culture (including medium) with 6 M NaOH 
(Section 2.2.1; 2.4.2; 2.4.3) showed a large peak of high-M r material within the void 
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Figure 3.8 Mr distribution of 3H-labelled alkali-extracted material obtained from whole maize culture 
after fractionation by GPC. Different time points (t) from radiolabelling protocol 1 (Section 
2.2.1): (a) Sepharose CL-6B, t = 240 mm, (b) Sepharose CL-413, t = 240 min,(c) Sepharose 
CL-2B, t = 210 mm. The y-axis values are expressed as 3H per fraction (as a % of total). V. 
and V1 are indicated by A 600 peaks (anthrone assay) at K ay = 0 (dextran) and 1 (sucrose), 
respectively. The above samples did not receive a Bio-Gel P-2 desalting step prior to size-
fractionation. 
Replacing Sepharose CL-6B with Sepharose CL-4B (Fig. 3.8b) produced a clear shift 
away from the V0 into the fractionation range. Although there is no discrete V0 peak 
in the 240-min time point from radiolabelling protocol 1 (Fig. 3.8b), the analysis of 
different time points from the same 311-labelling has shown a void volume peak in 
some samples. 
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Sepharose CL-213 was used to investigate the possibility of hemicellulose 
aggregation by increasing the fractionation range to >20 MDa. This would be a 
surprisingly large size for xylan and xyloglucan; thus a void volume peak in either of 
these fractions would suggest aggregation or possibly a highly branched or cross-
linked molecule which would behave quite differently from the dextrans used to 
calibrate the column. The profile (Fig 3.8c) showed a shift to the right once more but 
there was still material appearing in the void volume. Section 3.3.2.2 investigates this 
further. 
At the outset Sepharose CL-413 was used routinely for size fractionation. Both 
culture medium and protoplasmic 3H-polymers eluted predominantly within the M 
range of Sepharose CL-413; however, the cell wall 3H-polymers consistently ran with 
—35-50% of the 3H in the V0 . 
3.3.2.2 Profiles of 3H-polymers from three discrete compartments of 
the culture 
[3H]Ara-fed maize cultures were fractionated into three compartments (Section 
2.2.2). The 3H-polymers from each compartment were separated from lOWM r  
contaminants on Bio-Gel P-2 (Section 2.4.1) and fractionated on Sepharose CL-213 
and -413 (Section 2.4.2). Initial experiments were conducted using the 3H-labelled 
alkali-extracted material from whole maize culture over a short period of 3H-
labelling but latterly the whole culture was separated into three discrete 
compartments over a much longer time-period of 3H-labelling; study of the three 
separate compartments was necessary as the 3H-polymers in each compartment 
exhibited a different size profile. 
Early time-point cell wall extract 
Fractionation of alkali-extracted wall 3H-polymers from an early time point (15 mm 
after onset of 3H-labelling) still showed high-M r material within the V0 (Figure 3.9), 
suggesting aggregated or highly branched molecules. Fractionation on Sepharose 
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Figure 3.9 A'fr distribution of very recently synthesised 3H-labelled cell wall polymers after 
fractionation by GPC using different gels. Time point used was t = 15 mm, from 
radiolabelling protocol 2 (Section 2.2.2). Fractionation on: (a) Sepharose CL-213, (b) 
Sepharose CL-4B. V0 and V, are indicated by A 600 peaks (anthrone assay) at K ay = 0 
(dextran) and 1 (sucrose), respectively. 
Late time-point soluble extracellular polysaccharides 
Soluble extracellular 3H-polysaccharides (alkali-untreated) fractionated on Sepharose 
CL-413 showed a small amount of high-Mr material within the V0 (Fig. 3.1 Ob) again 
suggesting aggregated or highly branched molecules. Fractionation in Sepharose CL-
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Figure 3.10 M distribution of 3H-labelled soluble extracellular polysaccharides after fractionation by 
GPC using different gels. Time point used was t = 2 day, from radiolabelling protocol 2 
(Section 2.2.2). Fractionation on: (a) Sepharose CL-213, (b) Sepharose CL-413. V0 and V1 are 































Early time-point protoplasmic contents 
3H-Labelled protoplasmic contents (alkali-untreated) also appeared to a small extent 
within the V0 on Sepharose CL-413 (Fig. 3.11 b). Fractionation on Sepharose CL-213 
almost completely removed the material running within the V0 to within the 
fractionation range of the gel (Fig. 3.11 a), reducing the amount in the V0 from 7.4% 
to 3.0%. 
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Figure 3.11 Mr distribution of 3H-labelled protoplasmic contents after fractionation by GPC using 
different gels. Time point used was t = 10 mm, from radiolabelling protocol 2 (Section 
2.2.2). Fractionation on: (a) Sepharose CL-2B, (b) Sepharose CL-4B. V. and V1 are 
indicated by A 600 peaks (anthrone assay) at K ay = 0 (dextran) and 1 (sucrose), respectively. 
3.3.3 Calibration of Sepharose CL-4B column 
Individual profiles of commercially available marker dextrans of known weight-
average Mr were used to calibrate the Sepharose CL-413 column. Dextrans are linear 
polymers which have an elution pattern very different from globular proteins; 
however, they are assumed to be sufficiently similar in conformation to xylan and 
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3.3.3.1 Markers for void and included volumes 
Blue dextran (2-5 MDa) or high-Mr industrial dextran (5-40 MDa) are usually 
suitable for determination of the void volume; however, to allow the study of the Mr 
distribution of the marker dextrans, a void volume marker was required which did 
not yield any appreciable colour in the anthrone assay. A portion of 3H-labelled 
alkali-extracted material, known to elute in the V0, obtained from whole maize 
culture, was used (Fig. 3.12a). Figure 3.12a shows the co-elution of radioactive V0 
and V, markers with non-radioactive markers. These two radioactive markers could 
therefore be used to determine the V0 and V1 without contributing any additional 
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Figure 3.12. Radioactivity and absorbance profiles (A) from Sepharose CL-4B with: (a) radioactive 
and cold markers, (b) radioactive markers only. Radioactive markers: 3H-Iabelled V. marker 
(maize hemicellulose sub-fraction), [ 14C]sucrose. Non-radioactive markers: 0.04% (w/v) 
industrial dextran 0.02% (w/v) sucrose. To correct for false appearance Of3  H generated by 
the presence of 14C, 3   counts have been corrected by subtracting 50% of 14C counts 
(Section 3.3.3.2). 
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3.3.3.2 Effect of presence of 14C on measured 3H 
14C-Radiolabelled V0 and V1 internal markers were used successfully during GPC of 
3H-products (Section 3.3.3.1); however, it was observed that 14C markers in the 
absence of any 3H-product resulted in scintillation-counts in both the ' 4C and the 3H 
channel. This false appearance of 3H generated by the presence of 14C was 
investigated so a correction could be made. 
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Figure 3.13 Effect of presence of 14C on the amount of 3H falsely recorded. Increasing volumes of 
[14C] sucrose were made up to 1 ml and assayed for radioactivity (in two channels) after 
addition of 10 ml scintillation fluid. 
Figure 3.13 shows that the amount of 3H falsely appearing is approximately 50% of 
the amount of ' 4C recorded. This means that this proportion of 14C counts should be 
subtracted from the counts in the 3H channel when looking at both radioisotopes in a 










3.3.3.3 Determination of relationship between K ay and M 
Assigning a mean Mr is impossible when part of the profile is within the V0 or V1 (e.g. 
Fig. 3.14). Therefore, I converted the absorbance distribution (often an 
approximately bell-shaped curve) to an accumulative sum distribution (sigmoidal 
curve, Fig. 3.15) from which the Kay was estimated where half(w/w) the dextran was 
present in bigger molecules and half was in smaller. This K av(y2), estimated from each 
dextran GPC profile, was linearly related to the logarithim of the weight-average Mr 
(Mw) supplied by Sigma. The straight line equation was log Mw = 3.955 Kav(%) + 
















10 	20 	30 	40 	50 	60 	70 
Fraction no. 

























Figure 3.14 Sepharose CL-413 calibration with dextrans of known weight-average Mr (Mw) and 
radioactive V0 and V1 markers: Distribution of dextrans of M (a) 2 000 000, (b) 9 400, 

















10 	 - 40.2k 
- 9.4 k 
0 
	
-0.2 -0.1 0.0 0.1 	0.2 0.3 	0,4 	0.5 	0.6 	0.7 	0.8 0.9 	1.0 	1.1 	1.2 
K. 
Figure 3.15. Calibration of Sepharose CL-413: Graph shows absorbance profile from anthrone assay 
expressed as % cumulative sum of dextrans of known weight-average M ( M; 2 000 OU, 
580 000, 488 000, 249 000, 74 M)(  P, 40200,9400), eluted in Py/AIW (1:1:23), pH 4.7. The 
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Figure 3.16. Calibration of Sepharose CL-413 using K8() values obtained from dextrans of known 
M (Fig. 3.15). 
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It should be noted that the calibration curve would not be straight at either end when 
approaching the V0 and V, but would curve up and down respectively; however, the 
straight line equation allows estimates of nominal M to be made based on Kav(1/2). 
3.3.4 Minimisation of aggregation 
3.3.4.1 Different eluents (Sepharose CL-6B and CL-4B) 
Aggregation was considered a possible reason for the very high Mr values observed 
in a proportion of the hemicellulose (Section 3.3.2). Different eluents (Table 3.1) 
were therefore used in the GPC column to try to minimise any hemicellulose-
hemicellulose interaction. 
Chaotropic agents, e.g. guanidinium thiocyanate and urea, were forecast to be 
effective as these polar chaotropes will hydrogen-bond to hemicelluloses, preventing 
them hydrogen-bonding to the column or each other (Fry, 1986; Smith and Stone, 
1973). Cellobiose, the disaccharide repeat unit of cellulose, can also bind to 
hemicelluloses by hydrogen-bonding; thus by flooding the system with cellobiose it 
was hoped that a similar effect to the presence of chaotropic agents would result and 
hemicelluloses would elute closer to their true Mr. 
High pH (phosphate buffer at pH 12) may minimise aggregation by negatively 
charging neutral polysaccharides so causing them to repel other similarly charged 
hemicelluloses rather than aggregating with them. 
Other eluents tested included the metal chelator EDTA, which would remove Ca 2 
ions thus preventing the formation of divalent bridges between acidic 
polysaccharides. Calcium bridging has been well documented in the cell wall pectins 
(Brett and Waldron, 1996; Jarvis, 1984) and thus a metal—hemicellulose interaction 
may also be possible and should be minimised. Lithium chloride, used at a low 
molarity (0.1 M) to prevent lignin—carbohydrate complexes aggregating (Kesraoui, 
1983), was considered an alternative to chaotropic agents commonly used at high 
concentrations. Lithium chloride, used at a higher concentration (3 M) has also been 
incorporated as a pre-treatment to remove wall-associated protein from. Zea shoot 
cell walls (Kato and Nevins, 1985). 
Table 3.1. Eluents used to fractionate the hemicellulosic extract. 
GPC Packing gel Additive used 	 Solvent 	pH 
- 	 Py/AIW* 4.7 
Sepharose CL-613 7.5 M Urea 	 Distilled water 6.5 
0.05 M Phosphate buffer 	Distilled water 12.0 
- Py/A/W 4.7 
- Distilled water 5.0 
5 M Guanidinium thiocyanate Distilled water 5.1 
Sepharose CL-413 7.5 M Urea Py/AIW 5.1 
0.1 M Cellobiose Py/AIW 4.8 
0.1MEDTA Py/AIW 4.8 
0.1 M EDTA with 7.5 M Urea Py/A/W 5.9 
0.1 M LiC1 Py/AIW 4.8 
*py/A/w = pyridine/ acetic acid/ water (1:1:23), initial pH 4.7 
The pHs of most of the eluents ranged from 4.5 to 4.8; this put them close to the pH 
of the standard buffer used. Solutions containing urea or guanidinium thiocyanate, 
the pH 12.0 buffer and distilled water were the exceptions. Urea may also have been 
slightly higher because the solution was heated to aid dissolution and heating can 
increase pH by the production of cyanate ions. 
There was no discernible difference between Py/A/W and pH 12.0, but changing to 
7.5 M urea caused a significant decrease in K ay suggesting an increase in aggregation 
(Fig. 3.17). This is surprising as urea was expected to cause disaggregation; however, 
the solution had only urea and no Py/AJW so there was not an ionic environment in 








Figure 3.17. Effect of eluent on apparent M, distribution of 'H-labelled alkali-extracted material 
obtained from whole maize culture and size-fractionated using Sepharose CL-613: All 
profiles were obtained using a t = 240 mm time point from radiolabelling protocol 1 
(Section 2.2.1). The 3H-polymer sample was fractionated in Py/AJW (—), in phosphate 
buffer at pH 12 (—) or in 7.5 M urea (—). The y-axis values are expressed as proportion of 
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Figure 3.18. Effect of eluent on apparent Mr distribution of 3H-labelled alkali-extracted material 
obtained from whole maize culture and size-fractionated using Sepharose CL-4B. All 
profiles were obtained using a t = 150 min sample from radiolabelling protocol 1 (Section 
2.2.1). (a) 3H-Labelled alkali-extracted material fractionated in PyIAJW (—) or distilled 
H20 (—). (b) 3H-Labelled alkali-extracted material fractionated in PyIA!W (—), 0.1 M 















On Sepharose CL-4B, distilled H 20 alone caused a dramatic shift compared with 
Py/AIW, probably owing to aggregation of hemicelluloses (Fig. 3.18a). Figure 3.18b 
shows four alternative eluents compared with Py/AIW alone. Both LiCI and EDTA, 
with or without urea, did not shift the profile whereas cellobiose seemed to cause a 
slight disaggregation. The significance of the shift with cellobiose is debatable as the 
Kay was an imprecise estimate because of masking of the internal markers by a high 
cellobiose concentration. 
LiC1 was also a problem because it changed the viscosity of the eluate unusually as 
the sample was applied, not as it came out of the column. This meant the 
radioactivity was distributed over fewer fractions. Expressing the proportion of 3H as 
% of total per cKav (see end Section 3.3.4.1) meant that Kay was related to volume 
rather than fraction number and this allowed the larger size of fraction eluted to be 
taken into account, making the proportion of radioactivity comparable between 
samples. LiC1 was not suitable as an eluent because the viscosity of the eluate did not 
remain constant. Therefore Py/AIW is still considered to be the most sensible choice 
of eluent for GPC. 
Some GPC histograms are presented with the y-axis reporting 'proportion of 3H (% 
of total per cKav )' because variable volumes eluted per Eppendorf. In these cases, 
fraction n ° was not proportional to Kay, and 'cpml fraction' would under-represent 
the quantity of 3H in large fractions and over-represent it in small ones. To 
circumvent this problem, radioactivity had to be expressed per unit of volume, not 
per fraction, 'volume' being expressed most conveniently as a proportion of K ay 
rather than as ml. I define 1 'cK av ' as 0.01 (V,-V 0) of the volume that represents the 
total fractionation range of the column. This method of data presentation (% of total 
3H per cKav vs cKav ) is convenient for comparison of chromatograms because it 
results in a total area under the curve of '100%'. 
3.3.4.2 Effect of removal of sodium acetate on Sepharose CL-4B 
profile 
To test the possibility that aggregation of hemicelluloses was due to removal of 
6 M NaOAc on Bio-Gel P-2, a sample of 3H-labelled alkali-extracted, acidified 
material obtained from whole maize culture was fractionated on Sepharose CL-4B 
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Figure 3.19. Comparison of size fractionation profile on Sepharose CL-4B (Section 2.4.2) before (—) 
and after (—) removal of 6 M sodium acetate by Bio-Gel P-2 (Section 2.4.1) from 3H-
labelled alkali-extracted material obtained from whole maize culture (6 h after labelling; 
Section 2.9.1.1). 
Figure 3.19 shows there was no change in the presence of high-Mr complexes after 
the removal of salt. The only difference is the removal of the large peak of 3H20 and 
other lOWMr 3H-products in the V. 
3.4 Paper chromatography (PC) 
3.4.1 PC of Driselase-digests of 3H-polymers 
3H-Labelled total alkali-extracted material from maize cultures was Driselase-
digested under standard conditions (Section 2.6. 1) and the products were subjected to 
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Figure 3.20 PC of 3H-labelled products of Driselase digestion of 311-labelled alkali-extracted material 
obtained from whole maize culture. Paper chromatograms were developed in (a) EIPyIW 
(9:3:2) 18 h, or (b) E/AJW (10:5:6) 16 h. Products include isoprimeverose (IP), xylobiose 
(Xy12), arabinose (Ara) and xylose (Xyl). Both profiles for a 240-min time point from 
radiolabelling protocol 1 (Section 2.2.1). 
In both solvent systems, a large amount of radioactivity remained at the origin (-1 to 
1 cm from the origin line) representing Driselase-resistant material which was unable 
to move away from the origin owing to either its size (decamer or above in EIA/W) 
or its charge (acidic sugars would remain near the origin in EIPyIW). In E/Py/W 
there was also some radioactivity between the origin and the isoprimeverose peak, 
which indicated tn- to nonasacchanides; surprisingly this was not separated further by 
E/A/W which usually favours the separation of oligosaccharides. Only small peaks 
were observed in the oligomer region, suggesting there were not large amounts of 
3H-labelled oligosacchanides resisting further breakdown to the desired diagnostic 
sugars. A peak was seen for isoprimeverose and xylobiose in E/Py/W and these were 
together in E/AIW. The largest peak was that of arabinose and there was also a peak 
of xylose which travels furthest in E/Py/W but was together with arabinose in 
E/A/W. 
Routinely, internal and external markers (xylose, arabinose, xylobiose and 
isoprimeverose) were employed during chromatography, stained using aniline 
FIX 
hydrogen-phthalate. This allowed quicker identification of the sugars of interest from 
Driselase digested extracts by eliminating the need to cut numerous 1-cm strips. 
3.4.2 Maximising counting efficiency of 3H-labelled products 
3.4.2.1 Effect of staining and soaking 
Identification of sugars after paper chromatography is possible using internal 
markers (Sections 2.7.1, 2.7.5); however, the appearance of colour on staining with 
aniline hydrogen-phthalate causes interference (quenching) when assaying 
radioactivity. The stain reduces the counting efficiency and therefore factors 
affecting this were investigated. Radioactivity can be assayed either with aqueous or 
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Figure 3.21 Effect of staining and soaking paper chromatogram on counting efficiency for [ 3H]Ara. 
Samples were assayed in non-aqueous (non aq) or aqueous (aq) scintillant; in the latter 
case, samples were pre-soaked in 0.5% chlorobutanol overnight. + Stain, samples were 
stained with 1110th  strength aniline hydrogen-phthalate and colour developed for 2 min at 
105°C. Values above bars represent mean detected 3H as % of counts detected from direct 
assaying of [3H]Ara  using aqueous scintillant, prior to PC. Error bars represent SE of mean. 
Both staining and aqueous soaking had an impact on the counting efficiency for 
[3H]arabinose on paper (Figure 3.21). Unstained samples assayed in non-aqueous 
scintillant gave higher counts than stained samples. The soaked samples gave much 
higher cpm values than the corresponding samples assayed on dry paper with non-
aqueous scintillant; however, staining the chromatogram did not reduce the 3H 
counts. 
The 'H#' value obtained from the scintillation counter can be used for estimating the 
counting efficiency of radioactivity but only in samples that are soluble in the 
scintillation fluid. H# values for water-soaked papers were 126.4 without stain and 
131.9 with staining, which are both very high values compared with average readings 
from aqueous samples (e.g. 90-110). An informative way to consider the counting 
efficiency is by comparing observed counts to expected counts, based on direct 
assaying of aqueous [3H]Ara prior to PC, and these percentages are expressed in 
Figure 3.21. These relative counting efficiencies indicated the degree of masking by 
staining the chromatogram and also the degree to which soaking in water boosted the 
counts observed. 
Molecule size is an important consideration when assaying radioactive compounds 
on paper chromatograms as monosaccharides and short-chain oligosaccharides which 
may be within the paper fibres give a counting efficiency of approx. 7% whereas 
larger polysaccharides adsorbed to the paper surface give a counting efficiency of 
approx. 44% (Fry et al., 1992). Masking of radioactivity by cellulose will be 
minimised by soaking the paper and bringing all the sugars into aqueous solution. 
Thus it is thought that soaking increased the amount of 3H detected by bringing into 
solution [ 3H]arabinose which would otherwise have been effectively hidden in the 
cellulose of the paper chromatogram. 
3.4.2.2 Effect of staining 
The concentration of aniline hydrogen-phthalate and length of time the paper 
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Figure 3.22. The effect of concentration of aniline hydrogen-phthalate and the heating time on the 
detection of [3H]arabinose on paper. Error bars represent SE of mean of 3 replicates. Each 
20-il sample contained 39.7 Bq of [3H]arabinose and 40 mg total arabinose; after staining, 
the paper was soaked in water and assayed for 'H in the presence of 10 volumes of aqueous 
scintillation fluid. Reference sample was unstained (.), while other samples were stained 0-
15 min using aniline hydrogen-phthalate of increasing concentrations: 1 120th 	1116th 
1110th (.),full concentration(*). 
Surprisingly, an unstained chromatogram did not give the highest counts but 
downward trends were seen corresponding to the heating time and so also how 
intense the colour was (Fig. 3.22). There was not much difference observed between 
1120th and 1116th  strength of aniline hydrogen-phthalate but with 1110th  a clear 
decrease in the amount of 'H detected was seen. This was amplified when using full-
strength stain. It is surprising that 1116th  strength should seem to give a higher 
counting efficiency than 1120th  strength as 1/16' should result in a darker spot; 
however, the actual colour of the spots recorded visually was not greatly different 
and so the result may be spurious. 
Heating a chromatogram dipped in 1110th  aniline hydrogen-phthalate for longer than 
2 min would result in a definite decrease in counting efficiency. Direct measurement 
of the 30 .tl solution spotted on the paper chromatogram, as a liquid sample using 
aqueous scintillant, gave 1200 cpm. The counting efficiency on chromatography 
paper was therefore at most 66% of that obtained in the absence of paper. 
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3.5 Driselase-resistant material 
From the paper chromatogram profiles (Fig. 3.20), a large amount of radioactivity 
was found at or just after the origin, indicating large, radioactively-labelled products 
which were resistant to standard Driselase digestion. To increase the proportion of 
3H-labelled material digested to chromatographically identifiable products, it was 
decided to test additional methods for wall digestion. Two routes were taken: these 
were partial acid hydrolysis and Driselase digestion of increased severity. 
3.5.1 Driselase digestion 
Increasing both the concentration of Driselase and time of digestion was attempted to 
reduce the amount of Driselase-resistant material present. The 1-cm profiles of 3H 
distribution over the paper chromatogram were used in conjunction with weak 
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Figure 3.23. Effect of Driselase concentration (0.5 or 5.0%) and digestion time (48 or 96 h) on 
digestion of 3H-labelled alkali-extracted material obtained from whole maize culture. 'H-
Labelled, alkali-extracted material used was sampled 180 min after the onset of 
radiolabelliug (protocol 1; Section 2.2.1). Products include [3H]isoprimeverose (IF), 
rH]xylobiose (Xy12), ['H]arabinose (Ara) and ['H]xylose (Xyl). 
With increasing Driselase concentration and digestion time, the 3H-material at the 
origin decreased while [3 H]isoprimeverose and [3H]xylobiose remained constant and 
87 
[3H]xylose and [3H]arabinose increased (Fig. 3.23). From this experiment alone it 
was unclear whether (a) isopnmeverose and xylobiose remained constant because all 
the disaccharide was released by standard conditions and so more severe treatments 
could not increase the amounts recovered, or (b) either of the disaccharides was 
being produced in greater amounts but then partially degraded to yield [3H]xylose, 
which indeed was seen to increase. 
Comparing the two samples digested over a single 96-h period, it was interesting that 
the decrease in 3H-RF-0 material due to increasing the Driselase concentration was 
approximately equalled by the extra radioactivity appearing as [3H]xylose and 
[3H]arabinose. This suggested the presence of a Driselase-resistant arabinoxylan. 
Isoprimeverose, which is diagnostic of xyloglucan, is completely resistant to 
Dnselase. Xylobiose, which is diagnostic of xylan, however, may not be completely 
resistant owing to the presence of f-D-xylopyranosidase and 3-(1—*4)-D-xylanase, 
both of which could potentially hydrolyse xylobiose. 
Surprisingly, 23.1% of the 3H-labelled material was resistant to 5.0% Driselase, 
which contains numerous endo- and exo-hydrolases, for instance a-L-arabinanase 
and a-L-arabinofuranosidase in addition to the f3-(1-->4)-D-xylanase and 3-D-
xylopyranosidase already mentioned. Increasing the Driselase concentration further 
was not considered worthwhile as 5.0% was already a very high concentration, and 
large quantities of protein can interfere with the running of a sample on a paper 
chromatogram. 
3.5.2 Acid hydrolysis 
3.5.2.1 Complete hydrolysis 
Driselase-resistant, 3H-labelled alkali-extracted material from whole maize culture 
was obtained following Driselase digestion (0.5%, 37°C, 48 h) and paper 
chromatography (EPyW, 9:3:2, 18 h) as it remained at the origin. The origin region 
of the paper chromatogram was hydrolysed by TFA (2 M TFA at 120°C, 1 h) and 
paper chromatographed (EPyW, 9:3:2, 18 h) to yield [3H]arabinose and [3H]xylose in 
a 5:3 (BqfBq) ratio, suggesting the presence of a resistant arabinoxylan. 
An identical hydrolysate sample was also chromatographed in BIAJVJ so all the 
radioactivity was retained as the solvent front does not move off the end of the paper. 
This is in contrast with EpyW, which does run off the end of the paper and so 3H 
could feasibly have been lost. In BAW, however, again the majority of the 3H was as 
arabinose and/or xylose (not resolved). 
3.5.2.2 Partial hydrolysis 
Mild acid treatment was used in an attempt to increase Driselase-digestibility without 
excessive breakdown of the xylan backbone. Mild acid can break furanose bonds, i.e. 
remove arabinose side chains, much more rapidly than pyranose bonds, e.g. the xylan 
backbone; Carpita and Whittern (1986) removed labile Ara groups from highly-
subtituted GAX using mild acid conditions (0.5 M TFA, 2 h, 80°C). For xylan, it is 
important that the xylose backbone remains intact before Driselase digestion, 
allowing the Driselase to release the diagnostic disaccharide xylobiose rather than 
xylose which could originate from either xylan or xyloglucan. For xyloglucan it is 
important that xylose side chains are not released by the acid treatment as they need 
to be present to allow the isolation of isoprimeverose, the diagnostic disaccharide of 
xyloglucan. 
The effect of mild acid hydrolysis on subsequent Driselase digestibility of 3H-
labelled alkali-extracted material obtained from whole maize culture was 
investigated. In the control treatment to which no acid or Driselase was added (Fig. 
3.24a), one sole peak was seen at the origin. After partial acid hydrolysis (0.1 M 
TFA, 100°C, 1 h) there was no obvious [3H]isoprimeverose peak (Fig. 3.24b), 
probably because releasing a xylose residue is a more frequent event (as it requires 
cutting one bond rather than 2 consecutive bonds on the glucose backbone) than 
releasing a Xyl-Glc molecule, and indeed a larger [3H]xylose peak than 
[3H]isoprimeverose was observed. Acid (0.1 M TFA, 100°C, 1 h) followed by 
Dnselase yielded more [3H]arabinose and [3H]xylose (Fig. 3.24d) than did Driselase 
MS 
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Figure 3.24 Products of digestion of 3H-labelled, alkali-extracted material, obtained from whole 
maize culture, by TFA and/or Driselase. Labelled, alkali-extracted material used was 
sampled 180 min after the onset of radiolabelling (protocol 1; Section 2.2.1). Distribution 
of 3H-labelled products on paper chromatograms developed in EIPyIW (9:3:2), 18 h, 
following four different pre-treatments (Section 2.5.2.1): (a) control, (b) acid hydrolysis 
only (c) Driselase only, (d) acid hydrolysis followed by Driselase. Conditions used were: 
acid hydrolysis = 0.1 M TFA, 100°C, 1 h; Driselase digestion = 0.5 % Driselase, 37°C, 48 
h. Products released include [3H]isoprimeverose  (IP), [3H]xylobiose  (Xy12), [3H]arabinose 
(Ara) and [3H]xylose  (Xyl). 
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Since the [3H]xylose peak was quite large (Fig. 3.24b) it was decided to use a milder 
acid treatment to prevent excessive breakdown of the [3H]xylan backbone and loss of 
[3H]xylose from [3H]xyloglucan. A milder treatment could be achieved by a decrease 
in acid concentration, treatment time or temperature. Reducing the TFA 
concentration might have resulted in too dilute an acid solution and so not guaranteed 
the correct pH if traces of buffering compounds were present; the hydrolysis time 
(1 h) was considered too short to reduce any further as heating up and cooling of the 
sample before and after the 1 h would become more important and cannot easily be 
kept constant. Thus temperature was varied. 
Varying the temperature of acid hydrolysis alone caused the amount of origin 
material to drop to a similar extent as the arabinose fraction increased (Fig. 3.25a). 
[3H]Xylobiose and [3H]xylose increased with increasing temperature but were 
present at low quantities. By following the acid pre-treatment with Driselase 
digestion (Fig. 3.25b), again the origin 3H-material decreased but it started at a lower 
level and fell to 3.1% at 90°C. The [3H]arabinose fraction also increased to almost 
70% but there was less of an increase suggesting most of the [3H]arabinose had been 
released by the TFA. [3H]Xylobiose and [3H]xylose both increased and the 
[3H]xylobiose exceeded [3H]xylose, suggesting there had not been excessive 
breakdown of the xylan backbone prior to Driselase digestion. [3H]Isoprimeverose 
remained constant, indicating that essentially all the [3H]isopnmeverose had been 

































Origin 	IP 	Xy1 2 	Ara 	Xyl 
Figure 3.25. Effect of mild acid hydrolysis on 'H-labelled alkali-extracted material which runs at the 
origin and diagnostic fragments after: (a) varying temperature of TFA hydrolysis, (b) 
varying temperature followed by standard Driselase digestion (Section 2.5.2.2). 3H-
Labelled, alkali-extracted material, obtained from whole maize culture, was sampled 180 
min after the onset of radiolabelling (protocol 1; Section 2.2.1). Products released include 
['H}isoprimeverose (IP), ['H]xylobiose (Xy1 2), ['H]arabinose (Am) and ['H}xylose (Xyl). 
['l-I]IP has been omitted from (a) as without Drislease digestion, ['H]xyloglucan is likely to 
be digested to ['H]xylose and glucose rather than [3H]isoprnneverose. 
It is unclear why the origin 3H-material was Driselase-resistant if it was 
predominantly an arabinoxylan. It could have been that unusual side groups were 
present which Driselase was unable to remove, preventing breakdown of the 
[3H]xylan backbone; xylan has been reported to contain L-Gal (Whistler and Corbett, 
1955) and Driselase does not contain the L-galactosidase capable of removing this 
group. Phenolic groups are often reported attached to the side chains of 
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arabinoxylans and may possibly render the polysaccharides resistant to Driselase. 
The initial alkali extraction resulting in the 3H-labelled material tested would have 
removed acetate and ferulate esters which may have been resistant to Dnselase, but 
may not have removed more resistant phenolic bonds such as ethers. The presence of 
phenolic groups on the xylan may have rendered the xylan resistant to Dnselase but 
not acid, thus the acid pre-treatment was successful in increasing susceptibility of the 
polysaccharides to Driselase. An acid pre-treatment of 0.1 M TFA at 85°C for 1 h 
before Driselase digestion of hemicellulose gave a maximum yield of xylose, 
xylobiose and isoprimeverose, and therefore maximum information on xylans and 
xyloglucan. These conditions were therefore incorporated into the standard analysis 
of maize 3H-hemicellulose. 
3.6 Alkali extraction 
Alkali treatment was employed for three different reasons: (a) to extract 3H-
hemicellulose from cell walls, (b) to alkali-treat 3H-hemicellulose from the protoplast 
and culture medium, thus standardising the pre-treatments received by 3H-
hemicelluloses from all three discrete compartments of the cell and (c) to minimise 
aggregation of hemicellulose during sample storage by the application of a second 
alkali treatment. 
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3.6.1 Effectiveness of alkali extraction 
To investigate the effectiveness of alkali extraction, a maize cell-suspension culture 
that had been 311-labelled for 6 h was alkali-extracted for various periods (Section 
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Figure 3.26 Extraction of 3H-labelled material using alkali (6 M NaOH, 37°C) over a 24-h period. 
Time-point used 6 h after onset of 3H-labelling of whole maize culture (Section 2.9.1.1). 
Error bars represent SE of mean. 
Alkali-extracted 3H increased rapidly over the initial 6 h and then increased more 
gradually, indicating the start of a plateau, over the remaining 18 h (Fig. 3.26). Alkali 
extraction for 24 h appeared sufficient to solubilise 3H-polymer adequately. 
3.6.2 Effect of a second alkali treatment on 3H-polymer 
The Mr distribution of frozen 3H-labelled alkali-extracted material obtained from 
whole maize culture was observed to increase in average Mr during analysis over a 
period of time as shown by the movement of previously assignable Mr fractions into 
the V0  (Fig 3.27). Talbot and Ray (1992a) also observed increases in hemicellulose 
Mr after freezing samples. 
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Figure 3.27 Aggregation of 3H-polymer observed after storage of sample. Mr  distribution of 3H-
labelled alkali-extracted material obtained from whole maize culture after fractionation 
using Sepharose CL-4B. Both (a) and (b) represent 150-mm time-point from radiolabelling 
protocol 1 (Section 2.2.1), additionally (a) represents a sample which was analysed soon 
after radiolabelling and (b) represents the same sample after prolonged storage at -20°C. V0 
and V1 are indicated by A 600 peaks (anthrone assay) at K ay  = 0 (dextran) and 1 (sucrose), 
respectively. 
A second alkali treatment was successful in disrupting the high-Mr complexes which 
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Figure 3.28 Effect of second alkali treatment on M, distribution of alkali-extracted 3H-labelled 
material. 3H-labelled alkali-extracted material, from a 210-mm time-point, from 
radiolabelling protocol 1 (Section 2.2.1). Duration of alkali treatment: 0 mm (—), 2mm (-
), 1 h (—), 24 h (—), I week (—). (a) Mr  distribution of profiles using Sepharose CL-413, 
(b) M calculated from Ka .( ) (Section 3.3.3.3). The 0-min sample contained pre-neutralised 
6 M NaOH to ensure a disaggregating effect was due to additional NaOH treatment rather 
than to a change in ionic concentration as previously observed (Section 3.3.4.2). 
An additional 6 M NaOH treatment of either 2 mm or I h reduced V0 material 
markedly without shifting the rest of the Mr distribution profile substantially to the 
right (Fig. 3.28a). This redistribution of V0 material had a large impact on the median 
Mr, reducing it from 1 800 000 to —1200 000 (Fig. 3.28b). The 24 h treatment 
reduced the median Mr further to 1 000 000, completely removing the V0 material, 
but the treatment also began to shift the Mr distribution profile further to the right 
indicating backbone cleavage of polysaccharides. The I week treatment had a similar 
but more pronounced effect, resulting in a dramatic decrease in median M to 
340 000 (Fig 3.28a, b). These findings suggested that a 1-h treatment was sufficient 
to minimise high-Mr complexes of 3H-polymer formed on storage but a 24-h or 1-
week treatment was causing degradation of the polymer backbone. 
The median Mr (Mw) values estimated were high at 1 000 000 to 1 800 000 (Fig. 
3.28b). The recommended fractionation range for Sepharose CL-413 is 30 kDa-5 
MiDa for dextrans, suggesting that Mr values approaching 5 000 000 may be 
unreliable. At the lower end of the fractionation range, dextrans (M 9 400) well 
below the recommended cut-off, were still only partially included (K ay <1.0; Section 
3.3.3.3; Fig 3.14b). At the higher end of the fractionation range, no dextrans of 
exact M >2 000 000 were available for calibration. Dextran of M 2 000 000 was 
still only partially excluded from Sepharose CL-4B (K ay >0.0; Section 3.3.3.3; Fig 
3.14a). A valid estimation of the weight-average M can be gained from estimates of 
Kav(½), i.e. the Kay where half (w/w) the dextrans were bigger and half were smaller, 
as discussed previously (Section 3.3.3.3; Fig 3.16). The straight line equation 
(log M = —3.955 Kav(½) + 7.235) allowed the conversion of Kav(½) to a M; this 
equation suggested that the Mr cut-off for Sepharose CL-4B was 1.7x10 7 i.e. Kav(y2) = 
0 and therefore log M = 7.235. 
Although this approach may lose reliability as M values approach 1.7x107 , high M,- 
values, certainly above 5x10 6, could be estimated with confidence. The column was 
calibrated with dextran, however, the M values were applied to xylan and 
xyloglucan and as such there may have been a systematic error owing to different 
conformations. The M values are 'nominal', with reference to the dextrans, and the 
fractionation range of the Sepharose CL-4B will be considered to extend from 
1.0x104 to 1.7x107 over the rest of the presented work. Thus the M values 1.0-
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Figure 3.29 Effect of second alkali treatment on Mr  distributions of ['H]xylan and ['H]xyloglucan. 
'H-Labelled diagnostic fragments, from a 210-mu time-point from radiolabelling 
protocol 1 (Section 2.2.1), are of [3H]xylan [(a) xylose and (b) xylobiose] and 
[ 3H]xyloglucan [(c) isoprimeverose]. Duration of alkali treatments: 0 min (—), 2 mm  
1 h (—), 1 week (—). Alternate size-fractions were analysed. 
3H-Labelled diagnostic fragments were also studied to indicate changes in the 
hemicelluloses of interest, [3H]xylan and [3 H]xyloglucan (Fig. 3.29). The alkali-
extracted 3H-material had been dialysed to remove low -M, Contaminants (<1.0-
I .2x 10") after the initial alkali extraction. However, the samples administered with a 
second alkali treatment of varying duration did not have the NaOAc removed and 
therefore fractions around the V1 were not subjected to Driselase digestion and are 
absent from the diagnostic 3H-fragment data. 
The Mr distribution of [3H]xylose and [3H]xylobiose after 0 mm, 2 mm and I h of 
additional NaOH treatment did not appear to change greatly (Fig. 3.29a, b). An 
additional one week, however, did move the profile to the right indicating a reduction 
in Mr. Xyloglucan was affected to a much greater extent by alkali than xylan (Fig. 
3.29c). The large peak within the V0 at 0 min was reduced and the profile moved to 
the right after 2 min and especially 1 h. An additional 1-week treatment dramatically 
affected the Mr distribution of xyloglucan as a large peak appeared to the right hand 
side of the profile corresponding to an estimated Mr of 61 000. Changes in weight-
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Figure 3.30 Weight-average Mr of ['H]xylan and [3H]xyloglucan after second alkali treatment. 'H-
labelled diagnostic fragments of: (a) ['H]xylan [xylose (•) and xylobiose (U)]  and (b) 
['H]xyloglucan [isoprimeverose (A)]. Duration of alkali treatments: 0 mm (—), 2mm  
I h (—), I week (—). Data from Fig 3.29. 
Polymers yielding [3H]xylose and [3H]xylobiose (Fig. 3.30a) exhibited similar M 
values for 0 mm, 1 h and 1 week treatment, whereas the 2 min treatment was very 
variable. However, because the M was approximately the same after 0 min and 1 h 
of treatment, suggesting that the increase and decrease observed for [3H]xylose and 
[3H]xylobiose, respectively, after 2 min can be attributed to error or are not reliable 
as it is unusual that the [3H]xylose and [3H]xylobiose data should not be in close 
agreement. Thus [3H]xylan was unaffected by the alkali treatment up to 1 h but after 
I week was substantially reduced in M. suggesting that degradation eventually 
occurred. 
Polymers yielding [3H]isoprimeverose (Fig. 3.30b) exhibited a reduction in weight-
average M different from that of [ 3H]xylan; the M was highest at 3 100 000 without 
any additional alkali treatment (0 mm), was reduced to approximately 2 000 000 
after 2 min or lh and was drastically reduced after 1 week of treatment to 72 000. 
This pattern suggests that 0 nuin represents aggregated molecules, 2 min and 1 h 
additional treatments are successful in returning the 3H-polymers to their 'true' Mr 
but 1 week results in degradation of [ 3H]xyloglucan. 
Thus, a prolonged second alkali treatment of stored alkali extracts from whole maize 
culture could break down [ 3H]xylan and [3H]xyloglucan.  A 20% reduction in Mr after 
treatment with 0.88 M NaOH at room temperature for 25 d has been reported 
previously in graminaceous monocot hemicellulose (Aspinall et al., 1961). However, 
an additional 2-min or preferably 1-h treatment appeared able to reduce the apparent 
Mr of [3H]xylan and [ 3H]xyloglucan, returning aggregated 3H-polymers to their 'true' 
Mr, without detrimental effect on the polymer size The aim of the experiment was to 
identify a working method and therefore no further investigation was pursued. 
Although a second alkali treatment of 3H-henicelluloses which had been stored and 
so increased in M was successful in returning them to their 'true' Mr, it was decided 
that to avoid the need for a second alkali treatment in future work, samples would be 
size-fractionated without prior freezing. A system was developed in which samples 
were extracted and immediately fractionated on Bio-Gel P-2 and the V0 immediately 
size-fractionated on Sepharose CL-413, preferably on the same day, or with storage at 
+4°C if unavoidable. This avoided unnecessary aggregation occurring. 
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4 Changes in hemicellulose during synthesis, wall- 
binding and degradation 
A primary goal during the period of study has been to construct a picture of the 
'career' of a hemicellulose molecule. This has been achieved by monitoring time-
dependent changes in quantity and M of 'H-labelled hemicelluloses during their 
synthesis, wall-binding and turnover. To study the changes occurring it was 
necessary to split the cell culture into three compartments: protoplasmic, cell wall 
and surrounding medium (Section 2.2.2.). 
4.1 Aim of pulse-labelling of maize cultures 
The fate of 3H-labelled maize hemicelluloses over a 7-day period was monitored 
using pulse-labelling with [3H]Ara. The expected fate of 3H-labelled hemicelluloses 
as they are synthesised, wall-bound and turned over is outlined in Figure 4.1. 
[3I-1 	











-[l1J&ra —L-Ara-l-P <_>lJDL_Ara 
Figure 4.1 Diagram of the incorporation of 'H from ['H]arabinose into maize hemicelluloses with 
specific reference to the three compartments of interest: protoplasmic, cell wall and 
culture medium. The Golgi apparatus, present within the protoplasm, synthesises the 'H-
polysaccharides. 
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[3H]Ara is taken up into the cell where it is converted to high-energy derivatives 
UDP-L-[3H]Ara and UDP-D-[ 3H]Xyl. The sugar residues are polymerised to form 
arabinoxylan and xyloglucan, radiolabelled in their pentose residues. After the 
conversion to high-energy derivatives, polymerisation itself occurs within the Golgi 
apparatus, after which the polysaccharides are packaged into vesicles prior to 
transport to the cell wall. The vesicles fuse with the plasma membrane, releasing 
[3H]xylan and [3H]xyloglucan, a proportion of which become wall-bound. The fate of 
these polysaccharides after this has not been studied in maize and this work attempts 
to show whether polysaccharides are sloughed, turned over or retained in the wall. 
4.2 Quantitative changes in discrete compartments 
4.2.1 Total 3H-polymer 
4.2.1.1 Uptake of [3H]Ara  and appearance of 3H-SEPs 
The uptake of [3H]Ara and subsequent appearance of soluble extracellular 3H-
polymers (SEP5) in the culture medium was studied using paper chromatography 
(Section 2.7.5). The uptake of [3H]Ara and appearance of 3H-SEPs was seen clearly 
over the 7-d period (Fig. 4.2a). [3H]Ara was almost completely taken up into the cell 
within 150 mm; this is comparable with rose cell-suspension cultures, which took up 
95% of [3H]Ara fed to them in 2 h (Edelmann and Fry, 1992b). After 50 min the 
quantity of 3H-SEPs just exceeded that of [3H]Ara. 3H-SEPs continued to accumulate 
in the culture medium up to 7 d; from 150 min to 7 d the increase was more gradual 
but the 3H-SEP accumulation did not appear to plateau. 
The kinetics of secretion of newly synthesised polysaccharides from the protoplast 
into the cell wall is thought comparable to the appearance of SEPs in the culture 
medium (Myton and Fry, 1994). The lag time for production of 3H-SEPs was 15-
20 mm (Fig. 4.2b), which indicates the time for [3H]Ara to be taken up into the 
protoplasm and newly synthesised 3H-polysaccharides to be secreted, without 
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Figure 4.2 Release of 3H-SEPs from maize cells into culture medium in comparison with the uptake 
of [ 3H]Ara. 3 H-SEPs (•) and [ 3H]Ara (•) values determined from scintillation assayed 
PCs [developed in BAW (12:3:5), 16 h (Section 2.7.5)] over (a) a 7-d period. The 
production of 3H-SEPs over the initial 50-min period is shown by (b) . 3H-SEPs identified 
as origin spot on PC; [3H]Ara was assayed from Ara spot on PC (Section 2.7.5). Samples 
taken from two flasks over the sampling period: flask one, denoted by closed circles, 
represents 30 s to 13 h after feeding of [3H]Ara; flask two, denoted by open circles, 
represents 9 h to 7 d after feeding of [3H]Ara (Section 2.2.2). 
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4.2.1.2 Appearance of 311-polymer in separate compartments of 
maize culture 
Changes in total 311-polymer in discrete compartments of maize cell-suspension 
culture were observed over a 7-d period (Fig. 4.3). Concentrations of 3H-polymer in 
the protoplasm, cell wall and culture medium were measured. 
In the protoplast, 3H-polymers increased up to 30 min after administration of 
[3H]Ara, where 3H-polymer peaked, and thereafter a more gradual decrease was 
observed until very little 3H-polymer was seen. This reflected the synthesis and 
subsequent secretion of 3H-polymer from the protoplasm to the cell wall. Within the 
cell wall, again an increase was observed up to 6 h and then a steady decrease, 
suggesting the integration and subsequent turnover or sloughing of 3H-polymers. In 
the culture medium, a steady increase was observed until the concentration of 3H-
polymers began to plateau around 3 h, possibly representing the appearance of 
soluble extracellular 3H-polymers sloughed from the cell wall. 
The appearance of 3H-polymer first in the protoplasm, then in the cell wall and lastly 
in the culture medium was consistent with the concept of polysaccharides being 
synthesised and secreted into the cell wall before possible sloughing into the culture 
medium. The 3H-SEPs are known to originate from the cell rather than from 
incorporation of [3H]Ara into existing SEPs by transglycosylation as the incubation 
of cell-free rose culture filtrate with [3H]Ara did not produce any 3H-SEPs 
(Edelmann and Fry, 1992b). It was surprising, however, that the dramatic loss of 3H-
polymer from the cell wall was not accompanied by an equal gain in 3H-labelled 
products elsewhere, especially in the culture medium. In rose cell cultures, 
[3H]xyloglucan was found in the culture medium after sloughing from the cell wall 
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Figure 43 Changes in 3 H-polymer in discrete compartments of maize cell-suspension culture over a 7-day period after feeding of [3H]Ara. Compartments identified: 
protoplasmic (•), cell wall (•) and culture medium (C). Values calculated from Bio-Gel P-2 void material. 
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4.2.1.3 ct-Cellulose 
The disappearance of 311-polymer from the cell wall was thought possibly to be due 
to the incorporation of 3 H into polymers which became entangled in cellulose (Levy 
et al., 1997), thus rendering them alkali-inextractable. The remaining (after 6 M 
NaOH, 370C, 24 h treatment) cell fragments were assayed for 3H, without pre-
treatment and following acid hydrolysis (2 M TFA, 120°C, 1 h) to break down 
hemicellulose and thus release any trapped radioactivity. Although the amount of 3H 
found as a-cellulose increased with time (Fig. 4.4), the amount of 3H-labelled a-
cellulose released did not account for the observed decrease in 3H-labelled cell wall 
polymers. Thus the unaccounted for 3H-polymer was not trapped within the alkali-
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Figure 4.4 a-Cellulose: release of 3H remaining after 6 M NaOH extraction. Values determined after 
shaking sample with aqueous scintillant overnight (•) and after extraction with 2 M TFA at 
120°C, 1 h (•). Time-points used from radiolabelling protocol 2 (Section 2.2.2). 
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4.2.2 3H-Labelled diagnostic fragments 
3H-Polymers were enzymically digested into [ 3H]xylose and [3H]xylobiose, 
diagnostic of xylan, and [ 3H]isoprimeverose, diagnostic of xyloglucan (Sections 
2.5.2.3; 2.6.1). These diagnostic fragments were analysed by paper chromatography 
(Section 2.7.5). In addition to these diagnostic fragments, [ 3H]arabinose and 3H-
labelled polymeric material (resistant to Driselase digestion; remaining at the origin 
when paper chromatographed) were also monitored. The generation of these 3H-
labelled fragments was carried out using 31-1-polymers of different ages over the 7-
day period from each of the discrete cell culture compartments: protoplasmic, cell 
wall and culture medium. 
Protoplasmic contents 
[3H]Xylose and [3H]xylobiose exhibited similar quantitative changes over the 7-day 
period (Fig. 4.5c, d), indicating that [ 3H]xylan accumulation in the protoplasm 
peaked at 30 min before gradually decreasing, as was seen with total 31-1-polymer 
(Fig. 4.3). The rate of [3H]xylan  secretion to the cell wall exceeding [ 3H]xylan 
synthesis would explain this subsequent decrease. [ 3H]Xyloglucan accumulation also 
peaked 30 min after the onset of radiolabelling (Fig. 4.5b) but did not exhibit such a 
sharp peak as was shown in [ 311]xylan accumulation; this lessening in peak sharpness 
may reflect a lower transit time for protoplasmic [3H]xyloglucan  to be secreted to the 
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Figure 4.5 Changes in 3H-labelled diagnostic fragments of polymers within the protoplasmic 
contents of maize cell-suspension culture over a 7-day period after feeding of [3H]Ara. 
Fragments include: (a) Driselase-resistant polymeric material ( ), (b) isoprimeverose (IP; 
•), (c) xylose (Xyl; •), (d) xylobiose (Xy1 2 ; S). and (e) arabinose (Ara; •). It should be 
noted that the polymeric material, IP, Xyl and Xy1 2 are expressed on smaller y-axis scales 
than Ara. 
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[3H]Arabinose in protoplasmic polymers followed a similar pattern to [3H]xylose and 
[3H]xylobiose, with a peak of [3H]arabinose accumulating at 30 min also (Fig. 4.5e). 
3H-Labelled material resistant to Driselase digestion was present (Fig. 4.5a) but at 
relatively low quantities when compared to the cell wall (Fig. 4.6a); newly 
synthesised 3H-polymers in the protoplasm were not expected to be as resistant to 
digestion (as 311-labelled cell wall polymers) because 3H-labelled protoplasmic 
polymers are not as complex as the polymers integrated into the cell wall, or 
associated with phenolic compounds to the same degree which would increase 
polymer resistance to enzyme breakdown. Glycoproteins are likely to be present in 
the protoplasm and the attachment of the 3H-polysaccharide to a protein could 
account for some of the observed resistance to Dnselase digestion. Resistance may 
also be conferred by the presence of residues which are difficult enzymically to 
remove such as L-Gal, which Dnselase cannot remove as it lacks the necessary 
hydrolase. L-Gal, has been reported as a side-chain of xylan (Section 1.1.1.2.1). 
Cell wall 
Each of the 3H-labelled diagnostic fragments of cell-wall-bound polymers, like those 
of the protoplasmic compartment, mirrored the changes shown by total 3H-polymer: 
an increase observed up to 6 h and then a decrease over the remaining 7-d period. 
The increase and subsequent decrease of [3H]xylose, [3H]xylobiose, 
[3H]isoprimeverose and [3H]arabinose were all similar (Fig. 4.6b, c, d, e). 
The Driselase-resistant 3H-polymer material in the cell wall (Fig. 4.6a) remained low 
until 120 min after the onset of radiolabelling. The increase in 311-labelled resistant 
material in the cell wall at 120 min may reflect changes within the cell wall resulting 
in decreased digestibility with increased age. There was no clear trend as high and 
low quantities of resistant 3H-material were observed at alternate time-points 
between 120 min and 7 d after radiolabelling; however, the time-points where high 
amounts of resistant material were present coincided with decreases in the quantity 
of 311-diagnostic fragments of [3H]xylan and [3H]xyloglucan. The presence of 
Driselase resistant [3H]xylan was not surprising as arabinoxylan resistant to Drislease 
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Figure 4.6 Changes in 3H-labelled diagnostic fragments of polymers within the cell wall of maize 
cell-suspension culture over a 7-day period after feeding of [3H]Ara. Other details as in Fig. 
4.5. 
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not previously found to be Driselase resistant; this new found resistance may be 
attributed to changes that occur within the wall as the [3Hxyloglucan ages—
possibly through the addition of residues which Driselase is unable to hydrolyse or 
perhaps through the incorporation of the end of the [3H]xyloglucan molecule into the 
























Figure 4.7 Changes in 311-labelled diagnostic fragments of ['H]xylan and ['H]xyloglucan within the 
cell wall of maize cell-suspension culture over a 7-day period after feeding of ['HJAra. 
[3H]xylan derived from ['H]xylose- and [3H]xylobiose-yielding polymers (•), and 
[3H]xyloglucan derived from [314isoprimeverose-yielding polymers (). 
The quantitative changes occurring in [3H]xylan and [3H]xyloglucan are seen more 
clearly in Figure 4.7. High concentrations of [3H]isoprimeverose accumulated in the 
cell wall over the initial 40 min period. The [3H]isoprimeverose concentrations were 
less than the combined concentration of [3H}xylose and [3H]xylobiose. However, 
since for every [3H]Xyl residue in [3H]isoprimeverose there was a non-radioactive 
glucose residue, compared to [3H]xylan where the whole backbone may be 3H-
labelled, this suggested that a large quantity of 3 H]xyloglucan was present in the cell 
wall. This observation was of particular interest as xyloglucan is reported (Hayashi, 
1989) as a minor component of grass hemicellulose compared to xylan. 
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Culture medium 
Total 3H-polymer appeared to increase in the culture medium at a steady rate (Fig. 
4.3). However, this was not reflected in the 3H-labelled diagnostic fragments (Fig. 
4.8). [ 3H]Isoprimeverose, [ 3H]xylose and [ 3H]xylobiose and [3H]arabinose all 
increased, following a similar accumulation pattern over the time-period. Quantities 
of resistant 3H-material varied considerably with large amounts observed at 3 h and 
3 d after radiolabelling; these two particular increases in resistant 3H-material may be 
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Figure 4.8 Changes in 3H-labelled diagnostic fragments of polymers within the culture medium of 
maize cell-suspension culture over a 7-day period after feeding of [l-[]Ara. Other details as 










































Figure 4.9 expresses the 3H-labelled diagnostic fragments as percentages of the sum 
of the five diagnostic fragments. Comparison of percentage changes reinforced 
observations made from changes in absolute values (Fig. 4.5-4.8) and also 
highlighted additional information. [ 3H]Arabinose constituted a relatively low 
proportion of the total 3H-polymer in the cell wall (59%), slightly higher in the 
culture medium (68%), and highest in the protoplasm (75%), and in each 
compartment a slight trend was possibly observed for the proportion of [3H]Ara to 
increase over the time period. 
Large percentages of resistant 3H-material were matched by reductions of 
[ 3H]arabinose, [3H]xylobiose and [ 3H]isoprimeverose percentages in the cell wall 
while [ 3H]xylose, [3H]xylobiose, [ 3H]arabinose appeared the most reduced by the 
presence of higher percentages of resistant 3H-material in the culture medium. The 
smaller percentage of resistant 3H-material in the protoplasm was illustrated as 
previously discussed. 
Changes in the percentages of [ 3H]xylose, [3H]xylobiose and [ 3H]isoprimeverose 
illustrated the relative changes in [3H]xylan and [3H]xyloglucan in each compartment 
of the cell: in the protoplasm (Fig. 4.9a) the proportion of [ 3H]xylan was much 
greater than that of [3H]xyloglucan over the initial 2 h, after which the proportion of 
[ 3H]xylan decreased relative to that of [3H]xyloglucan. Within the cell wall (Fig. 
4.9b), during the time interval 15-90 min it was clearly shown that a high percentage 
of the radioactivity was in [3H]xyloglucan. The lack of a clear trend in the digestion 
of 3H-polymer to [3H]xylose, [ 3H]xylobiose and [3H]isoprimeverose in the culture 
medium was also more apparent when diagnostic fragments were viewed as a 
percentage of the total (Fig. 4.9c); most likely this was due to the variable amount of 
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Figure 4.9 Changes in 3H-labelled diagnostic fragments relative to each other within discrete 
compartments of maize cell-suspension cultures: (a) protoplasmic, (b) cell wall, (c) culture 
medium. Fragments include: Driselase-resistant polymeric material ( ), isoprimeverose 
(IP; •), xylose (Xyl; •), xylobiose (Xy1 2; U),and arabinose (Ara; ). 
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4.3 Mr  changes in the compartments 
3H-Labelled extracts, of different ages after the feeding with [ 3H]Ara, from each of 
the three discrete compartments of interest (protoplasmic, cell wall and culture 
medium) were fractionated on Bio-Gel P-2 (Section 2.4. 1) to identify the presence of 
IOWM r 3H-labelled products and to separate from them 3H-polymers. The 3H-
polymers were then size-fractionated on Sepharose CL-4B (Section 2.4.2; protocol 2) 
and hydrolysed in mild acid (Section 2.5.2.3) before Driselase was used to release 
fragments diagnostic of [3H]xylan and [3H]xyloglucan (Section 2.6.1); these 
fragments were isolated using paper chromatography (Section 2.7.5; 3H-labelled 
diagnostic fragments). An overview of the analysis carried out is outlined in Section 
2.8. 
4.3.1 Protoplasm 
4.3.1.1 Separation of 3H-polymer, 3H-oligomers and [3H]Ara 
Bio-Gel P-2 was used to provide information on changes in total 3H-polymers, 3H-
oligomers and [ 3H]Ara within the protoplast over a 7-d period (Fig. 4.10) using 
different ages of 3H-labelled extracts, following the addition of [ 3H]Ara. After 
radiolabelling, total protoplasmic 3H-polymer increased up to 30 mm, when it was 
highest, before decreasing thereafter, as previously observed (Fig. 4.3). 
By 10 mm, large quantities of [3H]Ara had been taken up, accounting for 375 kcpm 
per ml of suspension culture, and by 15 min protoplasmic [ 3H]Ara peaked at 
427 kcpm per ml of suspension culture. Thereafter, protoplasmic [3H]Ara decreased 
and remained steady at - 266 kcpm per ml of suspension culture between 20 and 
30 min before decreasing over the remaining time period. A small peak of [ 3H]Ara 
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Figure 4.10 Radioactivity profile of 3H-labelled protoplasmic contents fractionated by Bio-Gel P-2 (100-ml bed volume) (Section 2.4.2; 2.4.3). Time-points used from 
radiolabelling protocol 2 (Section 2.2.2). V0 expressed as block rather than peak as samples pooled prior to fractionation by Sepharose CL-413. 
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Hardly any 3H-oligomers were observed with the exception of the 30-mm time-point 
where a clear peak was observed around fraction 25, corresponding to a disaccharide 
sized molecule. No attempt was made to identify this compound; it may have been a 
precursor in the synthesis of xylan and xyloglucan such as Ara-1-P or UDP-Ara. 
Throughout the time period a slight shoulder was observed to the left of the [3H]Ara 
peak, which by 120 min appeared to equal [3H]Ara, but again decreased and was 
negligible by 7 d. 
4.3.1.2 Size-fractionation of protoplasmic 3H-polymers 
Total protoplasmic 3H-polymer 
The profiles of protoplasmic 3H-polymer are shown in two time periods: up to 
30 mm, in which protoplasmic 3H-polymer was quantitatively at its highest (Fig. 
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Figure 4.11 Mr distributions of protoplasmic 3H-polymers of different ages. Radioactivity profile of 
3H-labelled protoplasmic contents fractionated on Sepharose CL413 (Section 2.4.2; 
protocol 2): (a) up to 30 min old, (b) 30 min and older. Time-points used from 
radiolabelling protocol 2 (Section 2.2.2). 
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Up to 30 min the quantity of 3H-polymer increased and there was a gradual increase 
in the average M, with the exception of 15 min where a lower average Mr was 
observed. The 15-mm time-point was when the greatest amount of [ 3H]Ara was 
present in the protoplasm (Section 4.3.1.1; Fig. 4.10); at this time-point there may 
have been, according to the large amount of free [ 3H]Ara, the largest concentration of 
lower-Mr [3H]xylan and [3H]xyloglucan molecules present. However, this 
explanation was not supported by the 10-mm time-point average Mr which was not 
lower. 
After 40 min the Mr profile became more erratic (Fig. 4.1 lb), possibly owing to the 
decrease in total 3H-polymer being assayed. The reduction in the high-M i peak 
(-170000-7600000) while the lower-Mr peak at -10000-170000 remained 
suggested that the synthesis and transport of high-M r molecules had ceased by 6 h 
after the addition of [3H]Ara.  The presence of lower-M r molecules long after free 
[ 3H]Ara has been essentially taken up into the protoplasm and incorporated into 3H-
polymers suggested that 3H was incorporated into protoplasmic components rather 
than newly synthesised polymers bound for the cell wall. 
The increase and subsequent decrease in Mr were seen clearly when the median of 
the GPC profile was expressed as a Mr (Fig. 4.12). This is an estimate of the weight-
average Mr of the 3H-polymers. The possible presence of lower-Mr molecules that 
may be protoplasmic components is emphasised by the M which remains at 
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Figure 4.12 Median M r  values (calculated from K av½) of different ages of protoplasmic 3H-polymer. 
M. values calculated from the equation log 	= -3.955 Kav(½) + 7.235 (Section 3.3.3.3) 
applied to the protoplasmic 3H-polymer Mr distributions (Fig. 4.11). 
Protoplasmic [3H]xylan  and [3HJxyloglucan 
Changes in total 3H-labelled protoplasmic diagnostic fragments were discussed 
earlier (Section 4.2.2). The Mr distribution profiles of selected 3H-polymer samples 
were digested to release 3H-labelled diagnostic fragments. The Mr changes in 
protoplasmic [ 3H]xylan and [3H]xyloglucan 15 mm, 30 mm, 60 mm, 120 mm, 6 h 
and 3 d after the addition of [3H]Ara were investigated (Fig. 4.13). The 60-mm time-
point alone was alkali-treated (6 M NaOH, 24 h, 37°C) and desalted prior to size-
fractionation on Sepharose CL-413 but this was not believed to have greatly changed 
the Mr distribution based on evidence in later chapters (Section 5.1.3). More focus 
was given to earlier time-points after the onset of 3H-labelling because the 
protoplasmic 3H-polymer decreases substantially after 2 h from the addition of 
[3H]Ara. 
The diagnostic fragments of protoplasmic [ 3H]xyIan, [ 3H]xylose and [ 3H]xylobiose, 
had Mr distributions in close agreement during all the time-points investigated. 
[ 3H]Xyloglucan exhibited a slightly different Mr distribution from [ 3H]xylan, with 
the exception of 30 min after the addition of [ 3H]Ara when the [ 3H]xylan and 
[ 3H]xyloglucan Mr distribution profiles were almost identical. The majority of the 
[ 3H]xylan eluted within the fractionation range of the gel. A very slight shoulder was 
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Figure 4.13 Mr distributions of protoplasmic [3H]xylan and [31{]xyloglucan of different ages. GPC profiles of 3 H-labelled diagnostic fragments generated by Driselase 
digestion (Section 2.5.2.3) of 3H-polymer fractionated on Sepharose CL-413 (Fig 411). Diagnostic fragments of: [3HJxylan [xylose (-) and xylobiose (-)] 
and [3H]xyloglucan [isoprimeverose (-)]. Age of polymer relates to the time after the addition of [ 3H]Ara (Section 2.2.2). 
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evident in the V() between 15 min and 120 min after the onset of 3H-labelling. 
[ 3H]Xyloglucan also eluted predominantly in the fractionation range of the gel with 
the exception of 60 min after the addition of [3H]Ara when a large peak of V0-eluting 
material was present. This was not attributable to aggregating [3H]xyloglucan 
molecules as this particular time-point was treated with alkali prior to size-
fractionation. [ 3H]Xyloglucan also differed from [3H]xylan in that it exhibited more 
1OWM r polymers, especially evident 15 mm, 120 min and 6 h after the addition of 
[3H]Ara. 
The lower-Me peak at -. 170 00010 000 (Kay 0.51 to 0.82) identified from the 3H-
polymer M distributions (Fig. 4.11), was not so prominent in the Mr distribution of 
[3H]xylan although there was evidence of this peak as [ 3H]xyloglucan at 15 min and 
6 h after the addition of [3H]Ara (Fig. 4.13). The disappearance of this low-M e peak, 
with the exception of some time-points, was accounted for by the [3H]arabinose-
yielding polymers, which accounted for 65-81% of the total 3H-labelled polymer 
(Fig. 4.9); the Mr distribution of [3H]arabinose-yielding polymers, present at such 
high percentages, dominated the 3H-polymer M profile. 
The changes in Mr distribution of [ 3H]xylan and [ 3H]xyloglucan appeared to be clear-
cut up to 6 h after addition of [3H]Ara but by 3 d after the addition of [3H]Ara the M 
profile appeared erratic (Fig. 4.13), probably owing to a decrease in total 3H-polymer 
assayed from 162 kcpmlml suspension culture at 6 h to 39 kcpmlml suspension 
culture by 3 d, and of the 39 kcpm, 75% of the 3H-polymer was present in [ 3H]Ara-
yielding polymers. 
Protoplasmic 3H-polymer, at 15 min after the addition of [ 3H]Ara, had a lower 
average M than at the other time points up to and including 30 min after the addition 
of [ 3H]Ara (Fig. 4.11) and this was reflected by [ 3H]xylan and [ 3H]xyloglucan. From 
15 min to 30 min after the addition of [ 3H]Ara there was a shift of the profile towards 
the left indicating an increase in average Mr. The Mr profile then shifted back to the 
right at 60 min and 120 min before shifting slightly to the right again, indicating a 
gradual decrease in average Mr. These changes (increase and subsequent decrease) 
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are more clearly seen when displayed as M (Fig. 4.14). The predominance of 
[3H]arabinose-yielding polymers in the total protoplasmic 3H-polymer meant that the 
M had appeared lower previously (Fig. 4.12) than when [3H]xylan and 






10 	 100 	 1000 	 10000 
Time after feeding rH]Ara  (mm) 
Figure 4.14 Median Mr values (calculated from K 4) of different ages of protoplasmic [ 3H]xylan and 
[3H]xyloglucan. M values calculated from the equation log M = —3.955 Ka ) + 7.235 
(Section 3.3.3.3) applied to the protoplasmic [ 3H]xylan and [ 3H]xyloglucan Mr distributions 
(Fig. 4.13). Diagnostic fragments of [ 3H]xylan [xylose (—) and xylobiose (—)] and 
[3H]xyloglucan [isoprimeverose (—)]. 
The M values of [3H]xylan and [3H]xyloglucan increased from -40 000 at 15 mm 
to - 2 000 000 at 30 mm, where they remained until 2 h before declining to 
200 000 by 6 h and -- 25 000 by 3 d, after the onset of 3H-labelling. 
These changes in M reflect the polymerisation of [3H]Ara and [3H]Xyl residues 
into [3H]xylan and [3H]xyloglucan molecules and the 3H-polymers' subsequent 
transport to the cell wall. A short time after the addition of [3H]Ara (15 mm), a high 
proportion of the 3H-polymer molecules were still nascent (chain still elongating). It 
might be expected that the very earliest detectable labelling would reveal a 
population of nascent hemicellulose molecules with a ' 3H-average' Mr in the order of 
50% that of the newly completed hemicelluloses. The fact that it was actually much 
less than 50% (40 000/ 2 000 000 = 2%) suggests that the hemicelluloses were 
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initially synthesised as short fragments (comparable to Okazaki fragments of DNA) 
in the Golgi bodies and were subsequently cobbled together to form a mature 
molecule, perhaps within the Golgi vesicles. Alternatively, the 'short' 4x10 4 
hemicelluloses may become attached to a common protein core, increasing the 
apparent Mr to 2x106 as has been observed with barley MILG, which on digestion by 
proteinase, dramatically reduced in M, (Forrest and Wainwright, 1977). 
Once all the [ 3H]Ara was taken up and converted into 3H-polymers (after 2 h) the 
M. decreased. This decrease in M may partly have been attributed to extraction of 
lOWM r wall-bound [ 3H]xylan and [3H]xyloglucan  which were loosely wall-bound 
and as such were released into the protoplasmic fraction during homogenisation. The 
lower-Mr sized molecules remaining by 3 days were more likely to be structural 
[3H]glycoproteins of the membranes of the protoplasm rather than 3H-labelled 
hemicellulose. 
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4.3.2 Cell wall 
4.3.2.1 Isolation of 3H-labelled cell wall polymers 
No 3H-labelled products smaller than the M cut-off of Bio-Gel P-2 (Mr z 2 000) 
were extracted from the cell wall (Fig. 4.15). Total cell wall 3H-polymer increased up 
to 6 h after the addition of [3H]Ara then decreased, as previously observed (Section 
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Figure 4.15 Radioactivity profile of 'H-labelled cell wall hemicelluloses fractionated by Bio-Gel P-2 
(100-nil bed volume) (Section 2.4.2; 2.4.3). Time-points used from radiolabelling protocol 
2 (Section 2.2.2). V0 expressed as block rather than peak as samples pooled prior to 
fractionation by Sepharose CL-413. 
125 
4.3.2.2 Size-fractionation of 3H-labelled cell wall polymers 
Total cell wall-bound 31-I-polymer 
A high proportion (35-48%) of the 3H-polymer was found to elute in the V0 of 
Sepharose CL-4B. Thus, the 3H-polymers of different ages were separated into V0-
eluting material of indeterminate Mr and remaining 3H-polymer which may be 
assigned a Mr (Fig. 4.16). The M distributions of 3H-polymers of different ages after 
the onset of 3H-labelling were all relatively similar. Another example of the Mr 
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Figure 4.16 Mr distributions of cell wall 3H-polymers of different ages. Radioactivity profile of 'H-
labelled cell wall polymers fractionated on Sepharose CL-413 (Section 2.4.2; protocol 2): 
(a) represents % of the total 'H-polymers that had Mr >17 000 000 (and thus eluted within 
the V0); (b) represents the remaining profile of Mr 10 000-17 000 000 'H-polymeric 
material. Time-points used from radiolabelling protocol 2 (Section 2.2.2). 
The percentage of V0-eluting material remained fairly steady over the whole time 
period at 35-48% (Fig. 4.16a). The 3H-polymer which could be assigned a Mr (Fig. 
4.16b) appeared to have a Mr range of 50 000-17 000 000 in a single main peak. 
With 35-48% of the 3H-polymer eluting in the V0, this severly affected the median 
K8 and thus the estimated M of the 3H-polymer. As the M, is estimated based on 
the median Kay, if there is> 50% 3  H-polymer in the V0, M becomes redundant. This 
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explains the apparently high M values observed (Fig. 4.17), as up to 48% of the 
profile was in the V0 . Overall the remained high (3-7x10 6) over the 7-d period, 
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Figure 4.17 Median M values (calculated from K av½) of different ages of cell wall 3}-1-polymer. Mr  
values calculated from the equation log M = —3.955 + 7.235 (Section 3.3.3.3) 
applied to the cell wall 3H-polymer M distributions (Fig. 4.16). 
Wall-bound [3H]xylan and [3H]xvloglucan 
Changes in total 3H-labelled wall-bound diagnostic fragments were discussed earlier 
(Section 4.2.2). The Mr distribution profiles of selected 3H-polymer samples were 
digested to release 3H-labelled diagnostic fragments. The M changes in cell wall-
bound [ 3H]xylan and [ 3H]xyloglucan sampled 15 mm, 30 mm, 60 mm, 6 h, 18 h and 
7 d after the addition of [ 3H]Ara were investigated (Fig. 4.18). These different ages 
of 3H-hemicellulose were chosen to reflect changes that may occur over the 7-d 
period. 
It was surprising that, even at 15 min after the onset of 3H-labelling, a major 
percentage of the [3H]xyloglucan (84%) and over a third of the [3H]xylan 
[Xyl (32%), Xy12 (37%)] was of Mr> 17 000 000 (Fig. 4.18). The large proportion of 
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Figure 4.18 Mr  distributions of wall-bound [3HJxylan and [311]xyloglucan of different ages. GPC profiles of 3 H-labelled diagnostic fragments generated by Driselase 
digestion (Section 2.5.2.3) of 3H-polymer fractionated on Sepharose CL-413 (Fig 4.16). Diagnostic fragments of: [3H]xylan [xylose (-) and xylobiose (-)] 
and [3H]xyloglucan [isoprimeverose ( )]. Age of polymer relates to the time after the addition of [ 3H]Ara (Section 2.2.2). 
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Therefore, like 3H-polymer (Fig. 4.16) the different ages (after the onset of 3H-
labelling) of [ 3H]xylose-, [ 3H]xylobiose- and [ 3H]isoprimeverose-yielding polymer 
have been split up into V0-eluting material and remaining 3H-polymer which may be 
assigned a Mr (Fig. 4.19). This graph emphasised the large proportion of 
[ 3H]xyloglucan (Fig. 4.19e) and the smaller percentage [ 3H]xylan (Fig. 4.19a, c) 
eluting in the V0 . V(,-eluting [ 3H]xylan did not appear to increase or decrease 
substantially over the 7-d period; the percentage of [ 3H]Xyl and [3H]Xy1 2 in the V0 
remained at approximately 33% and 41%, respectively, with the exception of 30 mm 
after the addition of [ 3H]Ara when [ 3H]Xyl and [3H]Xy12  increased to 52% and 62%, 
respectively. V0-Eluting [ 3H]xyloglucan appeared to decrease gradually over the 7-d 
period from 84% to 68%. 
Of the remaining 3H-polymer which could be assigned a Mr (Fig. 4.19b, d, f), 
[ 3H]xyloglucan did not appear to change considerably and nor did [ 3H]xylan with 
perhaps the exception of 15 min after the addition of [ 3H]Ara. [ 3H]Xyloglucan in the 
partially included volume accounted for such a small percentage of the total 
[ 3H]xyloglucan that any difference was not thought to be significant. [ 3H]Xylose-
yielding and in particular [ 3H]xylobiose-yielding polymers, 15 min after the addition 
of [3H]Ara in the partially included volume appeared to have a lower- Mr (estimated 
at 1 200 000) than did the older [ 3H]xylan molecules ( M 2 600 000). 
It was perhaps not surprising that there should be such apparently high-Mr molecules 
present in wall-bound samples when during the period 30 min to 120 min after the 
addition of [3H]Ara,  protoplasmic [ 3H]xylan and [ 3H]xyloglucan was of M 
1 400 000-2 000 000. However, it was surprising that even at 15 min after the 
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Figure 4.19 M distributions of wall-bound [3H]xylan and [3Hxyloglucan of different ages as shown 
in Fig. 4.18 but redisplayed: (a) represents % of the total [3lljxylose-yielding polymers that 
had Mr >17 000 000 (and thus eluted within the V0); (b) represents the remaining profile of 
Mr 10 000-17 000 000 material that yielded [ 3H]xylose. (c, d) As (a, b) but [ 3H]xylobiose-
yielding polymers; (e, f) as (a, b) but [3H]isoprimeverose-yielding polymers. Age of 
polymer relates to the time after the addition of [3H]Ara [15 mm (s, - ); 30 mm (U, 
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Figure 4.20 Median M, values (calculated from K) of different ages of wall-bound ['Fl]xylan. M 
values calculated from the equation log M = —3.955 Ka ) + 7.235 (Section 3.3.3.3) 
applied to the cell wall [ 3H]xylan M distributions (Fig. 4.18). Diagnostic fragments of 
[3H]xylan [xylose (—) and xylobiose (—)]. The values higher than 17 000 000 have been 
arbitrarily plotted as 17 000 000. The Mr cut-off for Sepharose CL-413 —17 000 000, 
estimated from the median, has been indicated (— —). 
[3H]Xyloglucan M could not be estimated owing to the high proportion of material 
eluting in the V0 (Fig. 4.19) (Fig. 4.20). M Values could, however, be attached to 
[3H]xylose- and [3H]xylobiose-yielding polymers, 30 min after the onset of 3H-
labelling being the exception to this, at which time 52% and 62% of [3H]xylose and 
[3H]xylobiose, respectively, eluted in the V0 and so could not be given an 
estimated M. [3H]Xylose M increased up to 60 mm, after which it remained 
approximately constant (2.5_3.6x 106).  [3H]Xylobiose M also increased up to 6 h 
but then decreased slightly. 
These results (Fig. 4.19, 4.20) show that M values of wall-bound [3H]xylan and 
[3H]xyloglucan remained fairly constant over the actively growing stage. This was 
surprising as variation was expected over the 7-d period with the arrival of medium-
sized polymers from the protoplast into the cell wall where they become wall-bound 
and possibly increase dramatically in M before a subsequent decrease in M which 
reflects polymer turnover and sloughing into the culture medium. 
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It was interesting that the [ 3H]xylan and [ 3H]xyloglucan M changes (Fig. 4.19, 
4.20) were different from that of total 3H-polymer (Fig. 4.17); this was attributable to 
the high percentage of the total 3H-polymer present as [ 3ll]arabinose-yielding 
polymers which evidently dominated the increase and subsequent decrease in the 
total 3H-polymer M % ., changes. Also interesting was that [ 3H]xylobiose M was 
consistently higher than [ 3H]xylose M.. (Fig. 4.20). Both [3H]xylose  and 
[ 3H]xylobiose are thought to be generated from the same [3H]xylan  polymers and so 
should be identical. The higher M values of [ 3H]xylobiose- compared to 
[ 3H]xylose-yielding polymers may be related to the consistent appearance of higher 
proportions of V0-eluting material with 4-13% more V(,-eluting [3H]xylobiose than 
[ 3H]xylose. 
From the data (Fig. 4.19, 4.20) cell wall [ 3H]xylan and [ 3H]xyloglucan appeared to 
be of surprisingly high Mr. High-Mr xylans have been reported previously; a 7-MDa 
polymer of GAX has been isolated (Crosthwaite et al., 1994) and Carpita (1983) 
found a large proportion of each of three populations of GAX, of differing degrees of 
substitution, was partially excluded from a Sepharose 4B-200 column. The 
proportion of V0-eluting material appeared to increase with decreasing degree of 
substitution. Of the three populations isolated, the least-substituted, MG-GAX, was 
also found to contain the majority of the xyloglucan, suggesting that the xyloglucan 
extracted from maize coleoptiles was predominantly of high M. 
Aggregation of [ 3H]xylan and [3H]xyloglucan with themselves or other cell wall 
components may have caused a conformational change affecting the elution profile 
of the 3H-hemicellulose. The aggregation of polymers has been considered 
previously (Section 3.3.4) using 3H-labelled material alkali-extracted from whole 
maize culture, rather than from the cell wall. From that investigation it was 
concluded that aggregation was not the explanation for high Mr-values. Samples did 
appear to aggregate when frozen (Section 3.6.2) but the extracted cell wall-bound 
polymers were not frozen prior to size fractionation and thus aggregation will have 
been minimal. 
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The degree of substitution of xylans may also possibly affect their GPC elution 
behaviour. GAXs are reported to exist as three different populations with varying 
degrees of substitution (Section 1.1.2.1). Carpita (1984) isolated GAX I, the most 
highly-substituted of the GAX populations, extractable using dilute alkali, and on 
size-fractionation on Sepharose 413-200 observed a large proportion eluting in the V0 . 
Over a time period of 4 d, not only was the GAX observed to decrease in degree of 
substitution but the V0-eluting fraction also decreased, relocating to within the 
fractionation range of the gel. It is therefore possible that elution profile is linked to 
degree of substitution of GAX, a highly-substituted xylan being excluded from a 
GPC column owing to the xylans' conformation, causing the xylan to pass through 
the gel more quickly that the length of its polymer would normally dictate, emerging 
in the V0 fraction. Alternatively, a less well substituted xylan may adopt a more rigid 
conformation and behave more like the linear dextrans used to calibrate the 
Sepharose CL-413 column. The work here did not distinguish between xylan with a 
high or a low degree of substitution. 
The presence of phenolic groups, capable of cross-linking adjacent 3H-polymers, 
could also result in high M r-values. Ester cross-links would be removed by the 6 M 
NaOH treatment administered to extract hemicellulose from the cell wall. As the 
cells aged it might be expected that, entering the stationary phase of growth, the cells 
may produce phenolic components more resistant than ester bonds, in preparation for 
secondary cell wall formation. However, little variation in Mr distribution of wall-
bound [ 3H]xylan and [ 3H]xyloglucan occurred over the 7-d period, and high-M r 3H 
polymers were even present at 15 min after the onset of 3H-labelling, when the cells 
(6-d-old when [3H]Ara added; Section 2.2.2) were still in the actively growing phase 
(Section 3.1; Fig. 3.1). This suggests that phenolic groups did not play a major role in 
the observed hemicel I ulose aggregation. 
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Size-fractionation over a higher range 
The high Mr-values observed after size-fractionation on Sepharose CL4B were 
further investigated using Sepharose CL-2B which increased the top Mr fractionation 
value from 17 000 000 (cut-off estimated from calibration; Section 3.3.3.3) to 
>20 000 000 (cut-off quoted by Sigma). The Mr fractions of 15-min-old (after 
addition of [3H]Ara) cell wall 3H-polymers on Sepharose CL-2B and CL-4B, shown 
previously (Section 3.3.2.2; Fig. 3.9), were Driselase-digested to release diagnostic 
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Figure 4.21. M distribution of very recently wall-bound ['H]xylan and [ 3H]xyloglucan. 'H-Polymers 
size-fractionated using different gels: (a) Sepharose CL-2B, (b) Sepharose CL-4B (Section 
2.4.2). Diagnostic fragments of ['H]xylan [xylose (—) and xylobiose (—)] and 
{'H}xyloglucan [isoprimeverose (—)]. Wall-bound 'H-polymer was sampled 15 min after 
the onset of radiolabelling (protocol 2; Section 2.2.2). For GPC fractionation profiles of 'H-
polymer see Section 3.3.2.2. 
Size-fractionation of the 3H-polymer on Sepharose CL-2B showed a large proportion 
of [3H]xy!an and [3H]xyloglucan continuing to elute in the V0 (Fig. 4.21). The 
percentage of V0-eluting 3H-polysaccharide did decrease, however, when fractionated 
on Sepharose CL-2B instead of 4B; V0-eluting [3H]xylan decreased from 33 to 23% 
and 37 to 32% for [3H]xylose and [3H]xylobiose respectively and V0-eluting 
[3H]xyloglucan decreased from 84 to 70%. 
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4.3.3 Culture medium 
4.3.3.1 Separation of 3H-polymer, [3H]Ara  and 3H20 
Bio-Gel P-2 was used to provide information on changes in total 3H-polymers, 3H-
oligomers, [3H]Ara  and 3H20 in the culture medium over a 7-d period (Fig. 4.22) 
following the addition of [ 3H]Ara. 
3H-Polymer was observed accumulating by 30 min after the addition of [ 3H]Ara; this 
was in accordance with the lag time taken (15-20 mm; Fig 4.2b) for [3H]Ara to be 
taken up into the protoplasm and for newly synthesised 3H-polymers to be secreted 
into the medium. 3H-Polymer increased up to 3 h after the addition of [ 3H]Ara and 
thereafter continued to increase but very gradually. Free [ 3H]Ara rapidly decreased 
after its addition (Fig. 4.22). The peak of [3H]Ara  decreased rapidly over the first 2 h 
and by 3 h after its addition the peak was barely visible but did not completely 
disappear and persisted at a low quantity until the end of the 7-d period. Also 
observed was a peak, eluting just after [ 3H]Ara, identified as 3H20 (Section 3.3.1; Fig 
3.6, 3.7). 3H20 was not present in sufficient quantities to account for any major loss 
of radioactivity (Section 4.2.1.2). There were no substantial 3H-oligomer peaks 
observed during the 7-d period. 
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Figure 4.22 Radioactivity profile of 311-labelled culture medium compartment fractionated by Bio-Gel P-2 (100-ml bed volume) (Section 2.4.2; 2.4.3). Time-points 
used from radiolabelling protocol 2 (Section 2.2.2). V, expressed as block rather than peak as samples pooled prior to fractionation by Sepharose CL-4B. 
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4.3.3.2 Size-fractionation of soluble extracellular 3H-polymers 
Total soluble extracellular 3H-polymer 
Changes in 3H-polymer are shown up to 2 d after the addition of [3H]Ara, when the 
majority of the 3H-polymer still elutes within the fractionation range of the gel (Fig. 
4.23a). From 2 d to 7 d after the addition of [3H]Ara (Fig. 4.23b), a dramatic shift in 
Mr distribution profile occurred resulting in a large increase in V 0-eluting material. 
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Figure 4.23 Mr distributions of total soluble extracellular 'H-polymers of different ages. Radioactivity 
profile of 'H-labelled culture medium fractionated on Sepharose CL413 (Section 2.4.2; 
protocol 2): (a) up to 2 d old, (b) 2 d and older. Time-points used from radiolabelling 
protocol 2 (Section 2.2.2). 
The Mr distribution of polymers aged 15 min to 13 h after the onset of 3H-labelling 
remained fairly constant (Fig. 4.23a). There was a larger quantity of lower-Mr 'H 
polymers present at 15 mm, but there was also a slight shoulder of V 0-eluting 
material even at this early time after the onset of 3H-labelling. The dramatic M 
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Figure 4.24 Median M values (calculated from K a,) of different ages of total culture medium 3H-
polymer. M values calculated from the equation log M = —3.955 Kav(½) + 7.235 (Section 
3.3.3.3) applied to the soluble extracellular 3H-polymer Mr distributions (Fig. 4.23). 
These samples were not alkali treated in any way. This meant that any ester cross-
links or similar phenolic groups which would be disrupted by alkali were still present 
and may have been responsible for the high M r-values observed. Investigation into 
the possible nature of these apparently high M, polymers will be covered in Chapter 
5. 
Soluble ext racellular [3H]xvlan and [3H]xvloglucan 
Changes in total 3H-labelled soluble extracellular diagnostic fragments were 
discussed earlier (Section 4.2.2). The Mr distribution profiles of selected 3H-polymer 
samples were digested to release 3H-labelled diagnostic fragments. The Mr changes 
in soluble extracellular [ 3H]xylan and [ 3H]xyloglucan sampled 30 mm, 120 mm, 3 h, 
2 d, 3d and 7 d after the addition of [3H]Ara  were investigated (Fig. 4.25). These 
time-points were much later than those investigated for protoplasmic and wall-bound 
samples because of the interesting increase in apparent average Mr occurring in the 
culture medium between 2 d and 3 d after the addition of [ 3H]Ara. 
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Figure 4.25 Mr distributions of soluble extracellular [31-1]xylan and [ 3H]xyloglucan of different ages. GPC profiles of 3H-labelled diagnostic fragments generated by 
Driselase digestion (Section 2.5.2.3) of 3H-polymer fractionated on Sepharose CL-4B (Fig 4.23). Diagnostic fragments of: rHixylan [xylose (—) and 
xylobiose (—)] and [ 3 Hjxyloglucan [isoprimeverose (— )]. Age of polymer relates to the time after the addition of [3H]Ara (Section 2.2.2). 
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Again, like 3H-hemicelluloses of the protoplasm and cell wall, the soluble 
c\tracellular [ 3H]xylose and [3H]xylobiose had Mr distributions in close agreement 
during all the time points (Fig. 4.25). [ 3H]Xyloglucan exhibited a slightly different 
M, distribution from [ 3H]xylan (Fig. 4.25). The Mr distribution of [ 3H]xylan and 
[ 3 H]xyloglucan, 30 min after the addition of [ 3H]Ara was unclear. This may have 
been attributable to the quantity of 3H-labelled product present, 65 kcpmlml culture, 
compared to 120 min after the addition of [ 3H]Ara when 3H-polymer had increased to 
40 kcpmlml culture, but also it may reflect a wide Mr range of [ 3H]xylan and 
[ 3 1-1}xyloglucan present in the medium soon after the onset of 3H-labelling. 
[ 3H]Xylan exhibited a main peak of Mr 1100 000, 120 min after the onset of 3H-
labelling, in addition were some lower-M r molecules and a slight peak in V0. The 
main 1100 000-Da peak moved slightly to the left, increasing the Mr to 1 600 000 
(although no V0 peak was observed) at 3 h and remained there until 3 d after the 
addition of [ 3H]Ara. Thereafter the peak Mr increased further to -2 800 000 where it 
remained until the end of the time period. By 2 d the start of shift to left was also 
seen and by 3 d a large proportion of the [ 3H]xylan was relocated to within the V. 
[3H]Xyloglucan also exhibited a main peak at —1100 000 Da at 120 mm. This peak 
also shifted slightly to the left, increasing Mr to 2 000 000 at 3 h and 2d after the 
addition of [ 3H]Ara. This peak, like the main peak of [ 3H]xylan, increased again 
in Mr to 2 800 000 at which it remained until the end of the 7-d time-period. 
[ 3H]Xyloglucan differed from [ 3H]xyIan in that the slight shoulder of [ 3H]xyloglucan 
appearing in the V, after 120 min became a clear peak by 3 h and also in that there 
was much a larger percentage of [3H]xyloglucan  at lower Mr-values, ranging from 
10 000 to 70 000. These 1OWM r [3H]xyloglucans that appeared in the culture 
medium may have originated from the cell wall as cell wall-bound [ 3H]xyloglucan 
appeared to decrease gradually over the 7-d period and a reasonable suggestion is 
that cell wall-bound [ 3H]xyloglucan was sloughed into the culture medium. 
Although there may have been some sloughing of the cell wall 3H-hemicellulose into 
the culture medium, the fact that the amount of 3H-polymer in the culture medium 
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did not increase to the same degree as the cell wall 3 H-polymer decreased suggests 
that the increase in Mr was due to the modification of 3H-polymer already present in 
the medium. These data show that both [3Hxylan and [3H]xyloglucan were involved 
in the observed increase in Mr, with large quantities of material eluting in the V0 in 
later time-points after the onset of 3H-labelling (Fig. 4.25). These [3H]xylan and 
[ 3H]xyloglucan polymers were not alkali pre-treated so it is likely that these increases 
in Mr may be partly due to cross-linking of polysaccharides by phenolic compounds 
like fertilic acid. 
I he Mr changes in partially-included peaks are reflected by the M' (Fig. 4.26). 
The M values for [3H]xylan 30 min after the onset of labelling are not in agreement, 
as [3H]xylobiose and [3H]xylose are very different and this was probably due to the 
low quantity of 3H-polymer assayed, as previously mentioned. 
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Figure 4.26 Median Mr values (calculated from K3 ) of different ages of soluble extracellular 
['H}xylan and ['H]xyloglucan. M values calculated from the log M = -3.955 K y) + 
7.235 (Section 3.3.3.3) applied to the soluble extracellular ['H]xylan and ['H]xyloglucan Mr 
distributions (Fig. 4.25). Diagnostic fragments of [ 3H]xylan [xylose (—) and xylobiose 
(—)] and ['H]xyloglucan [isoprimeverose (—)] .The Mr cut-off for Sepharose CL-413 
—17 000 000, estimated from the median, has been indicated (— —). 
From 120 min onwards the M values for [3H]xylose and [3H]xy!obiose did appear to 
be in close agreement. [3H]Isoprimeverose M values were in close agreement with 
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[ 3H]xylose up to 3 h after the addition of [ 3H]Ara but then although increasing were 
lower than [ 3H]xylose and [ 3H]xylobiose. An increase was observed from 120 mm 
onwards, with the largest step in Mr observed between 2 and 3 d, attributable to the 
relocation of [3H]xylan  and [ 3H]xyloglucan to the V0 . [3HXyIan increased in Mr 
more rapidly that [3H]xyloglucan, but [3H]xyloglucan too was found to increase to 
high M by 7 d after 3H-labelling. 
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Size-fractionation over a higher range 
As with wall-bound [3H]xylan and [3H]xyloglucan, the high-Mr values observed after 
size-fractionation on Sepharose CL-413 were further investigated using Sepharose 
CL-213. The 2-d-old (after addition of [3H]Ara) soluble extracellular 3H-polymers on 
Sepharose CL-213 and CL-413, shown previously (Section 3.3.2.2; Fig. 3.10), were 
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Figure 4.27 Mr distribution of soluble extracellular [3H]xylan and [3H]xyloglucan. GPC size-
fractionated using different gels. Fractionation on: (a) Sepharose CL-213, (b) Sepharose CL-
4B (Section 2.4.2). Diagnostic fragments of: [3H]xylan [xylose (-) and xylobiose (-)] and 
[3H]xyloglucan [isoprimeverose (-)].Soluble extracellular 3H-polymer was sampled 2 d 
after the onset of radiolabelling (protocol 2; Section 2.2.2). For GPC fractionation profiles 
of 3 H-polymer see Section 3.3.2.2. 
Fractionation on Sepharose CL-2B (Fig. 4.27a) rather than Sepharose CL-413 (Fig. 
4.27b) resulted in a substantial reduction in V0-eluting [3H]xylan and the almost 
complete removal of V0-eluting [3H]xyloglucan from the V0 . In Sepharose CL-413, 
medium-sized Mr [3H]xylan and [3H]xylolucan co-eluted. However, in Sepharose 
CL-213 [3H]xylan moved towards the middle of the distribution profile whereas 
[3H]xylolucan, which to a certain extent eluted over the same range as the [3H]xylan, 
exhibited large peaks just prior to and in the V. The peak of [3H]xyloglucan in the V, 
was absent from the [3H]xylan distribution profile. 
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5 High-Mr complexes 
During the study of synthesis, wall-binding and subsequent turnover of cell wall 
hemicellulose, the formation of high-Mr complexes was observed (Section 4.3.3.2). 
Different treatments were used to test whether (a) the minimisation of existing high-
Mr complexes in the protoplasm and culture medium was possible and (b) the 
prevention of formation of soluble extracellular high-Mr complexes could be 
achieved. 
5.1 Minimisation of existing high-M r complexes 
The nature of associations leading to high-Mr complexes in both the culture medium 
and the protoplasm was investigated using chemical treatment (alkali) and also 
enzymic digestion (proteinase, licheninase). 
5.1.1 Effect of alkali on high-Mr complexes 
The formation of high-Mr complexes was observed predominantly within the culture 
medium (Section 4.3.3.2). Initially, neither culture medium nor protoplasmic 
contents received an alkali treatment prior to size fractionation; conversely, cell wall 
hemicellulose was extracted with 6 M NaOH at 37°C for 24 h. The absence of an 
alkali pre-treatment allowed the persistence of ester bonds, linkages which 
commonly result in cross-linking of polysaccharides but which are susceptible to 
mild alkali. These types of bonds, in untreated culture medium or protoplasmic 
contents, could allow cross-linking of polysaccharides resulting in falsely high-Mr 
values. 
5.1.1.1 Late time-point extracellular polymers 
To investigate the minimisation of high-Mr complexes of soluble extracellular 
polysaccharides and gain information about the types of interactions responsible for 
these high-Mr complexes, alkali treatments of increasing severity were administered 




Alkali treatments of increasing severity resulted in a decrease in V0 material coupled 
with a corresponding increase in 3H-polymer appearing within the range of the 
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Figure 5.1 Effect of alkali treatment on Mr distribution of 4d-old (after 3H-labelling) soluble 
extracellular polymers (radiolabelling protocol 2; Section 2.2.2). Five treatments of 
increasing alkali (NaOH) severity were administered prior to size fractionation on 
Sepharose CL-413 (Section 2.9.1.3): untreated (—); 0.1 M, 2 min (—); 0.1 M, 20°C, 24 h 
(—); 0.1 M, 37°C, 24 h (—); 6.0 M, 37°C, 24 h (—). 
Of the four treatments given, even the mildest treatments (0.1 M NaOH at 20°C for 
2 min or 24 h) were predicted to break most or all ester bonds and this alone was 
predicted to relocate some or all V0 material to within the M,.-assignable range of the 
profile or at least to dissociate the majority of high-Mr complexes, if ester cross-links 
were primarily responsible. However, 0.1 M NaOH, 37°C, 24 h and 6.0 M NaOH, 
37'C, 24 h treatments appeared to have more influence on the Mr distribution of the 
3H-polymers, indicating that there were alkali-labile bonds more resistant than 
feruloyl esters. Such resistant bonds could be benzyl ether bonds. 
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[3H]Xylan and [3HJxyloglucan 
Enzymic fragmentation, which can be used to release sugars diagnostic of [3H]xylan 
(Fig. 5.2) and [3H]xyloglucan (Fig. 5.3), showed that both these polymers were 
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Figure 5.2 Effect of alkali treatment on Mr distribution of 4-d-old (after 'H-labelling) soluble 
extracellular ['I{]xylan (radiolabelling protocol 2; Section 2.2.2). Five treatments of 
increasing severity were given (Section 2.9.1.3) [untreated (I,—); 0.1 M NaOH, 20°C, 2 
mm (U, —); 0.1 M NaOH, 20°C, 24 h ( U . —); 0.1 M NaOH, 37°C, 24 h (U,—); 6.0 M 
NaOH, 37-C, 24 h (U, —)J prior to size fractionation. Alternate GPC fractions were 
analysed by Driselase digestion (Section 2.5.2.3). (a) represents % of the total ['H]xylose-
yielding polymers that had M >17 000 000 (and thus eluted within the V0); (b) represents 
the remaining profile of Mr 10 000-17 000 000 material that yielded ['H]xylose. (c), (d): As 
(a, b) but ['H]xylobiose-yielding polymers. 
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A similar effect of alkali on xylan polymers was reflected in both xylose and 
xylobiose fragments (Fig. 5.2). The most severe alkali treatment tested caused V0 
material to decrease from 58.2 to 5.7% of the total and from 58.1 to 5.3% for xylose 
and xylobiose, respectively. This illustrates the effectiveness of the different alkali 
treatments in minimising high-Mr complexes and underlines the need for a 6 M 
NaOH treatment in order to minimise V0 material. A slight reduction in high-Mr  
complexes was observed after treatment with mild alkali (0.1 M NaOH at 20°C for 
24 h), which if significant would indicate the presence of esters cross-links. Greater 
reductions in V0 material after 0.1 M NaOH at 37°C than at 20°C suggested that 
alkali-labile bonds more resistant than feruloyl esters were present. 
Within the range of polymers of M 10 000-17 000 000 (Fig. 5.2b, d), the profile of 
[3H]xylose-yielding polymers resembled that of [3H]xylobiose-yielding  polymers 
after each alkali treatment. The main peak was estimated at Mr 1 300 000 except in 
the case of the most severe alkali treatment. The 6 M treated sample appeared to 
have a similar peak but the shoulder of the peak extended further to the right, 
suggesting an additional increase in slightly smaller polymers and resulting in a 
sightly lower M of 1100 000. This is probably accounted for by movement of 
additional polymers out of the V0 following their dissociation by alkali; it is unlikely 
to be attributable to the degradation of the backbone of xylan as this would be more 
likely to be coincident with an increase in much lower-M r polymers. Owing to the 
presence of high concentrations of NaOAc in the sample, however, these fractions 
were not subjected to paper chromatography. 
Xyloglucan also changed in response to alkali treatment (Fig. 5.3). Less severe 
treatments clearly did not result in a decrease of V 0-eluting material: xyloglucan 
polymers of Mr> 17 000 000 were unaffected by 0.1 M NaOH at 20°C for 2 min or 
24 h. Only when the xyloglucan was treated with 0.1 M or 6.0 M NaOH at 37°C for 
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Figure 5.3 Effect of alkali treatment on M, distribution of 4-d-old (after 'H-labelling) soluble 
extracellular ['H]xyloglucan (radiolabelling protocol 2; Section 2.2.2). Other details as for 
Fig. 5.2 except (a, b) represents ['H]isoprimeverose-yielding polymers. 
Within the range of 10 000-17 000 000, there were two main peaks, which probably 
represented different xyloglucan populations (Fig. 5.3). The Mr distribution of the 
sample treated with 0.1 M NaOH for 2 min was very similar to that of the untreated 
sample with peaks estimated at 570 kDa and 8 kDa. The 0.1 M NaOH, 24 h 
treatment also gave a peak at 570 kDa but then had a trough around 15 kDa which 
was specific to that particular treatment; this unusual observation may have been due 
to a shift of polymers to a lower Mr as there was the suggestion of a peak eluting later 
on, but since the V, area of the GPC was not assayed, this was not confirmed. 
Alternatively, since none of the other alkali treatments showed a similar Mr 
distribution, it may have been caused by error during sample analysis. 
The two alkali treatments at 37°C appeared to yield rather different xyloglucan 
profiles from those at 20°C. These differences were likely to be due to the fact that 
the 20°C treatments did not affect the high-Mr complexes at all, whereas the 37°C 
treatments did affect the V0 material. Of the two peaks of partially included material 
solubilised at 37°C (Fig. 5.3b), the peak corresponding to the higher Mr was 
estimated as 2 700 000 Da after treatment with 0.1 M NaOH and 1200 000 Da after 
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treatment with 6 M NaOH; this decrease in M is possibly explained by the 2.7-MDa 
material being the initial V0-material released, which subsequently gave two, 
previously cross-linked, approximately 1 .2-MDa polymers. 
The peak of partially included material corresponding to the lower M of the two 
peaks had an estimated Mr ranging from 8 600 to 20 000 (Fig. 5.3b). The quantity of 
3H in this second peak increased with increasing severity of treatment except in the 
case of the most severe treatment, which released less than 0.1 M NaOH at 37°C for 
24 h. The more severe treatment was expected to release the most product. However, 
the lOWM r xyloglucan polymers generated by 6 M NaOH may have been appearing 
within the V, where they could not be quantified by paper chromatography. Prior to 
enzymic fragmentation, slightly elevated levels of radioactivity were observed 
around the V1 of the 6 M NaOH treated samples compared to the other treatments 
(Fig. 5.1). The GPC profile of the 6 M NaOH treated sample did appear to move 
slightly to the right, when compared with the GPC profile of the 0.1 M, 37°C treated 
sample. A reduction in Mr may reflect degradation of the xyloglucan backbone. 
The necessity for an elevated temperature to reduce V0 could reflect the type of 
bonding occurring between either xylan or xyloglucan molecules; both xylan and 
xyloglucan feruloyl esters have been reported (Himmelsbach et al., 1994; Ishii et al., 
1990; Ishii and Hiroi, 1989; Ishii and Hiroi, 1990; Kato and Nevins, 1985; Wende 
and Fry, 1997a,b,c) but my results suggest that ester-linked diferuloyl groups do not 
play a significant part in the cross-linking of xylan or xyloglucan. However, alkali-
labile bonds more resistant than feruloyl esters may be present. This is likely in the 
case of xylan, as ferulate ethers have been reported to be associated with xylans. 
However, these reports have also involved lignin (Scalbert et al., 1985; Wallace ci 
al., 1995) which is associated with secondary cell walls not PCWs, which the maize 
cell-suspension culture represent. Another possibility is that the presence of high-M, 
complexes is due to aggregation of the xylan or xyloglucan polymers; glucans and 
xylans have been reported to self-aggregate in vitro (Wada and Ray, 1978) and 
xyloglucan, as a glucan known to H-bond with cellulose, could potentially interact 
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with other xyloglucan molecules. This is unlikely, however, as treatment with 
chaotropic agents did not affect the high-M i complexes (Section 3.3.4.1). 
The Mr distribution of culture medium 311-polymer was greatly affected by alkali 
treatment. The possibility that the 6 M NaOH treatment degrades the backbone of 
xylan or xyloglucan and so reduces the apparent Mr was considered, but 6 M NaOH 
was deemed necessary rather than a less severe treatment for two reasons: (a) these 
results indicated that both xylan and xyloglucan high-Mr complexes were minimised 
most effectively by use of the most severe of the alkali treatments, and (b) since 6 M 
NaOH is required to solubilise wall-bound hemicellulose efficiently, 6 M NaOH 
should also be employed to standardise the pre-treatments administered to 
protoplasmic and extracel lular hemicel I ulose. 
5.1.1.2 Culture medium 3H-polymer 
Investigating changes in Mr distribution of 311-labelled hemicelluloses in maize cell 
cultures highlighted the formation of high-M r complexes within the culture medium 
(Section 4.3.3.2). Between 2 and 3 days following radiolabelling with [3H]Ara, a 
shift in median Mr of soluble extracellular 3H-polymers was observed from 1.8x10 6 
at 30 min to 2.3x106 at 2 days up to >1.7x10 7 by 3 days. 
Work on 4 d-old (after onset of 3H-labelling) extracellular 3H-polymers established 
that a pre-treatment of 6 M NaOH at 37°C for 24 h was required before an accurate 
comparison between culture medium samples and cell wall-bound hemicelluloses 
could be made. The effect of alkali on other extracellular 3H-polymers of different 
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Figure 5.4 Effect of alkali treatment on Mr distribution of soluble extracellular 3H-polymers. Size 
fractionation on Sepharose CL-4B of soluble extracellular 3H-polymers (a) without alkali 
pre-treatment, (b) with alkali pre-treatment (6 M NaOH, 37°C, 24 h; Section 2.9.2). Soluble 
extracellular 3H-polymer were harvested at different times after the addition of [3H]Ara 
(protocol 2; Section 2.2.2): 30 mm (-), 3 h (—), 2 day (—), 4 day (—), 7 day (—). 
Up to 3 h after feeding with [3H]Ara, 3H-polymers eluted within the fractionation 
range of the GPC gel (Fig. 5.4a). The majority of soluble extracellular 3H-polymers 
30 min and 3 h after the onset of 3H-labelling were of Mr 1 600 000 and were 
unaffected by alkali (Fig. 5.4a,b). By 2 days after radiolabelling the conversion of 
medium-Mr 3H-polymers to high-Mr complexes with the relocation of 3H-material to 
the V0 was observed (Fig. 5.4a). Treatment with 6 M NaOH at 37°C for 24 h 
effectively returned the high-Mr-values of all the soluble extracellular 3H-polymers, 
aged 2 days after 3H-labelling or older, to a medium size, Mr 1 500 000 (Fig. 5.4b), 
indicating the presence of alkali-labile cross-links as established in Section 5.1.1.1. 
There was a slight, alkali-resistant shoulder at the V0 with 3H-polymers 4 d and 7 d 
after the onset of 3H-labelling (Fig. 5.4b); this suggested the presence of additional 
bonds or interactions resistant to the alkali treatment used. 
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5.1.1.3 Protoplasmic 3H-polymer 
A much lower quantity of V0-eluting 'H-material was observed in protoplasmic 
content profiles (Section 4.3.1.2), but it was necessary to investigate the effect of 
alkali on the protoplasmic samples to allow standardisation with the cell wall and 
medium. One reason for the absence of high-Mr complexes within protoplasmic 
samples may be that polysaccharides are synthesised and transported to the cell wall 
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Figure 5.5 Effect of alkali treatment on M distribution of protoplasmic 'H-polymers. Time points 
following the onset of 'H-labelling (Protocol 2; Section 2.2.2): (a) 30 min and (b) 3 d. Size 
fractionation of time points on Sepharose CL-413 with (-) and without (-) alkali pre-
treatment (6 M NaOH, 37°C, 24 h; Section 2.9.2). 
In comparison with soluble extracellular 'H-polymers, protoplasmic 'H-polymers 
were largely unaffected by treatment with alkali (Fig 5.5); little effect was observed 
either 30 mm (Fig. 5.5a) or 3 d (Fig. 5.5b) after the onset of 'H-labelling of the 
protoplasmic polymers. Protoplasmic 'H-polymers were probably not so profoundly 
affected by alkali treatment as soluble extracellular 'H-polymers because the 
majority of 'H-polymers were initially found within the fractionation range of the 
gel, not in the V0 . In the earlier time point (Fig. 5.5a), possibly, there was some 
relocation of radioactivity from higher to lower M values. A peak at 76 kDa 
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disappeared after alkali treatment and was replaced by a plateau from Kay 0.5 to 0.95, 
corresponding to a wide range of 3H-polymers of Mr 10 000-130 000. This reduction 
may represent the disruption of glycoprotein complexes, found within the 
protoplasmic contents, as protein moeities are commonly lOWM r polymers and their 
dissociation by n-elimination from a sugar residue could result in these approximate 
M value changes (Crosthwaite et al., 1994; Green and Northcote, 1978). 
5.1.2 Effect of proteinase on high-M r complexes 
Xylan—protein complexes were likely to be present in the protoplasts (Baydoun et al., 
1991; Crosthwaite et al., 1994). In the medium, glycoproteins have been reported 
(Green and Northcote, 1978; Reid et al., 1999; Sims et al., 2000) although not 
specifically xylan—protein complexes. A glycoprotein association could possibly 
contribute to the presence of falsely high Mr-values. A pre-treatment was 
administered to ensure any protein present was removed using a non-specific 
proteinase. 
The effect of proteinase on 3H-polymer (40 min after the onset of 3H-radiolabelling) 
from the protoplasmic contents was investigated because higher quantities of 
radioactivity were observed sooner rather than later following 3H-labelling (Fig. 
5.6a). Soluble extracellular 3H-polymers, 2 d after the onset of 3H-labelling, were 
also chosen to investigate the effect of a proteinase on extracellular polymer 
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Figure 5.6 Effect of proteinase treatment on apparent Mr distribution of 3H-labelled hem.icelluloses 
from two discrete compartments of the culture: (a) protoplasmic contents and (b) medium; 
time points used were (a) 40 min and (b) 2 day after the onset of 3H..labelling (protocol 2; 
Section 2.2.2). 3H-Hemicelluloses were untreated (—) or proteinase pre-treated (—; Section 
2.6.3) before fractionation on Sepharose CL-4B. 
Protemase pre-treatment did not appear greatly to affect the apparent Mr distribution 
of 3H-hemicelluloses within either the protoplasm or the culture medium. Proteinase 
treatments have been reported to aid solubilisation of xylan from rye bran (Nilsson et 
al., 1999) but with limited success; a small quantity of neutral xylan was solubilised 
by proteinase pre-treatment suggesting the presence of different xylan populations. 
The slight reduction in the V0 and the 710-kDa peak observed within the 
protoplasmic contents (Fig. 5.6a) may have been attributable to the removal of 
protein from a minor population of xylan—protein complexes. 
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5.1.3 Effect of licheninase on high-Mr complexes 
Xylans and MILGs are known to be able to self-aggregate in vitro (Wada and Ray 
(1978) and xylan of apparent M >5x106 has been suggested to owe its high Mr to 
interaction with MLG (Carpita, 1983). The possibility that xylan interacts with MLG 
is also supported by the evidence of MLG becoming insoluble after purification from 
GAX (Wada and Ray, 1978). Licheninase digests MLG and so will release any 
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Figure 5.7 Effect of licheninase pre-treatment on elution profile of 3H-labelled alkali-soluble material 
obtained from whole maize culture. GPC profiles are for a 150-min time point from 





8 h licheninase digestion. 
The GPC profile of the licheninase digested sample did not line up exactly with that 
of the untreated sample (Fig. 5.7). However, the GPC profile of the licheninase 
digested sample did not clearly shift left or right; this observation suggested that 
MLGs are not involved in aggregation of the (pentosyl- 3H)-labelled hemicelluloses. 
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5.2 Prevention of formation of soluble extracellular high-M r 
complexes 
Attempts at disaggregation of high-M r complexes by different eluents were 
unsuccessful (Section 3.3.4.1). Alkali successfully returned polysaccharides to their 
'true' Mr (Section 5.1.1.2); however, prolonged exposure to strong alkali may also 
degrade the hemicellulose backbone (Section 3.6.2). This degradation is undesirable 
as the polysaccharide backbone must be kept intact if Mr is to be accurately 
determined. Diferuloyl cross-linking is through ester bonds, which are susceptible to 
mild alkali; however, ester bonds cannot account for all of the interactions as 
concentrated alkali (6 M NaOH) was required to minimise interactions and normalise 
culture medium extraction with cell wall extraction (Section 5.1.1.1). 
The interactions leading to the formation of high-M, complexes in the culture 
medium are likely to involve phenolic coupling. Although ester cross-links cannot 
account for the high-Mr complexes, other phenolic coupling products such as ethers 
may (Section 1.1.1.4). Another source of cross-linking is through tyrosine residues in 
hydroxyproline-rich glycoproteins, which oxidatively cross-link to form 
isodityrosine and related dimers and tetramers resulting in the insolubilisation of the 
glycoproteins in plant cell walls (Section 1.1.1.5). The coupling reaction of adjacent 
tyrosine residues to form isodityrosine is thought to be catalysed by extracellular 
peroxidases. Although extensin is found in higher amounts in dicots than in 
graminaceous monocots, the small proportion of extensin may have a large impact on 
wall insolubilisation. 
The formation of high-Mr complexes within the culture medium was investigated 
further by applying different treatments to growing 3H-labelled maize cells in 
suspension culture. These treatments were used to test whether the increase in 
apparent Mr of 3H-labelled soluble extracellular polymers could be prevented. For 
details of the method see Section 2.2.3. 
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5.2.1 Additives used 
Eight different additives were used to test whether the formation of high-Mr 
complexes could be minimised. These were used during the investigation as either 
H202 or free radical scavengers. Ultimately all the additives were intended to 
interfere with phenolic coupling within the culture medium. 
Hydrogen peroxide scavenging 
Catalase, evolved as an antioxidant defence by plants, is capable of converting H202 
to 02 and H20 rather than allowing the formation of the highly reactive and 
destructive hydroxyl radical (011) (Scandalios et al., 1997). The formation of 
hydroxyl radicals occurs when H 202 and a suitable transition metal undergo the 
Fenton reaction: 
Cu + H202 —Cu2 + OH + 0H 
Peroxidase is believed to catalyse the oxidative coupling of Tyr residues on extensin 
in the presence of H 202 (Fry, 1983) an event which could potentially lead to high-Mr 
complexes. The ability of catalase to prevent oxidation of Tyr has been used 
previously during investigation into cross-linking of Tyr residues to isodityrosine 
(Fry, 1987). 
Free radical scavenging 
The following treatments were used to test whether phenolic coupling in the culture 
medium could be interfered with. Dithiothreitol (DTI), a reducing agent, was 
included as it was predicted to be oxidised if in contact with a free radical, so 
preventing the free radical interacting with soluble extracellular polymers in the 
medium. 
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The remaining treatments were all aromatic compounds (Fig. 5.8). Tyr has been used 
during the investigation of cross-linking of cell wall structural proteins: Tyr and Tyr 
derivatives have been shown to be effective in delaying the onset of insolubilisation 
of cell wall glycoproteins in Chiarnydornonas reinhardtii, a unicellular alga with 
HRGPs but lacking matrix polysaccharides; the amount of soluble HRGP in walls 
has been seen to increase when additives such as free radical scavengers and 
peroxidase inhibitors are present during wall formation (Waffenschmidt et al., 1993). 
All the aromatic compounds, small relative to hemicelluloses, were used on the basis 
that by increasing the concentration of small phenolic-containing compounds 
present, the small phenolic containing compounds far exceed the concentration of 
hemicellulose-bound phenolics. This flooding effect would increase the likelihood of 
cross-linking occurring between small phenolic-containing compounds and phenolic 
groups on polysaccharides chains rather than between adjacent polysaccharides 
chains. GPC can be used to monitor these interactions, as a hemicellulose—small 
phenolic-containing group interaction would result in a negligible change in Mr 
elution profile compared with the huge increase in Mr observed when hemicellulose-
hemicellulose interactions occur i.e. cross-linking of soluble extracellular polymers. 
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Figure 5.8 Structures of phenolic compounds added to maize cell-suspension cultures to test whether 
soluble extracellular polymer cross-linking could be prevented. 
Tyrosine (Tyr) and ferulic acid (FA) residues are both known to occur in cell walls. 
In addition, FA and sinapic acid (SA) are precursors in the biosynthesis of lignin 
(Brett and Waldron, 1996). Rutin and chiorogenic acid were tried experimentally as 
slightly larger phenolic-containing compounds; owing to their non-aromatic, 
hydrophilic residues, the compounds were expected to remain in the medium, unless 
metabolised by the cells to remove the hydrophilic moiety, where they may act as 
scavengers of reactive oxygen species or oxidatively couple with feruloylated 
polysaccharides. As native plant compounds, the addition of these phenolic-
containing compounds to maize cultures was not expected to be toxic to the cultures. 
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5.2.2 Growth of cell cultures with various additives 
All treatments, with the exception of DTT, did not adversely affect the growth of 
maize cells (Fig. 5.9). The arrest of growth in DTT-treated cultures coupled with 
fewer and whiter-looking cells, suggested cell death. Rutin may possibly have 
affected viability 5 days after treatment as there was a decrease in fresh weight. 
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Figure 5.9 Growth of maize cells in suspension culture over a 7-day period. Cells were grown in 60-
ml Sterilin pots. A single 220-ml culture was labelled with ['H]Ara for 2 days after which 
the treatments were added and growth was monitored for a further 5 days. 
There was no change in the physical appearance of the control or the catalase- and 
FA-treated cultures over the duration of study. Rutin-treated cultures were the first to 
turn brown, 3 days after treatment. By 4 days rutin cultures were very dark brown 
and chiorogenic acid cultures were turning brownish black and by 5 days Tyr and SA 
were also turning brown. The darkening in colour of the cultures was thought 
attributable to phenolic oxidation products; the darkening was not surprising in the 
case of chiorogenic acid as it is thought to be responsible for the blackening of cut 
potatoes. The FA treatment, however, did not turn dark and the formation of phenolic 
oxidation products would have been expected in this treatment if it occurred in the 
other treatments. 
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5.2.3 Effect of additives on Mr distribution of soluble 
extracellular 3H-polymers 
5.2.3.1 Formation of high-Mr complexes in the absence of additives 
In control cultures (Fig. 5.10) up to 3 days after the introduction of additives 
(sterilised spent medium in the case of the control) the 3H-labelled soluble 
extracellular polymers displayed a main peak at K 0.1 to 0.4, with the summit of 
the peak corresponding to Mr of about 1.2 x 106 This K decreased to < 0.1 
abruptly, between 3 and 4 days corresponding to an increased Mr of> 1.7 x 10". The 
large peak of 1OWMr material was due to the omission of the Bio-Gel P-2 step. The 
V, peak appeared approximately constant in size over the 5 days, as did a peak at K 
0.6 (Mr 7.3 x 104),  suggesting that the V. material was formed principally from the 
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Figure 5.10 Changes in M distribution of 3H-labelled soluble extracellular polymers in control 
cultures. Formation of high-Me complexes in the culture medium of maize cells in 
suspension culture where time represents days after the introduction of additive (i.e. 























The possible minimisation of this conversion of I .2-MDa polymers into high-Mr 
complexes was tested by the treatment with additives. Formation of high-Mr 
complexes occurred between 5 and 6 days after feeding of [3H]Ara, i.e. much later 
than previously observed (Section 4.3.3.2). A culture of lower inoculum density was 
used in the present experiment and this may have been the cause of the delay. 
5.2.3.2 Effect on high-Mr complex formation by additives 
The effect of the additives on formation of high-Mr complexes in the culture medium 
was studied from I to 5 days following the addition, i.e. between 3 and 7 days after 
radiolabelling with [3H]Ara. 
1 day after additives 
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Figure 5.11 Formation of high-Mr complexes of 3H-labelled soluble extracellular polymers of maize 
cells I day after treatment with various additives. M, profiles were obtained after 
fractionation by GPC on Sepharose CL-4B. Treatments were: (a) control (-), catalase 
(-), DTT  ( ), SA (-), chiorogenic acid (-), rutin (-) and (b) control (-), Tyr  (-), 
FA (-). 
One day after the addition of catalase, DTT, sinapic acid, chlorogenic acid or rutin, 
no difference was seen in the Mr profile compared with the control (Fig. 5.1 1 a). This 
was as expected since the control treatment had not shown signs of cross-linking yet. 
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DTT was not considered further as it seemed to kill the cells (Section 5.2.2). 
Although cross-linking of phenolic free radicals is a non-enzymic reaction, the 
formation of such free radicals does require the action of enzymes and probably the 
biosynthesis of H202, so living cells were deemed necessary during the study. 
Surprisingly, Tyr and FA promoted cross-linking of soluble extracellular 3H-
polymers in the medium (Fig. 5.1 Ib) when compared with the control. Free Tyr and 
FA, like all the phenolic substances tested, were expected to prevent cross-linking by 
scavenging free radicals; indeed, Tyr has been found to delay the onset of wall 
insolubilisation, although this was a transient occurrence as cross-linking resumed 
eventually (Waffenschmidt et al., 1993). 
Considering the addition of free FA, the feruloylation of polysaccharides occurs 
within the protoplasm (Myton and Fry, 1994; Fry et al., 2000). Thus in the present 
experiments essentially all 3H incorporation into polysaccharides had finished before 
the addition of free FA; this means that the exogenous FA added will become 
attached to non-radioactive polysaccharides. If these non-radioactive feruloylated 
polysaccharides are then coupled to a feruloylated 3H-polysaccharide, an increase in 
Mr of the 3H-polymer would indeed be observed. The results, therefore, suggest the 
dimerisation of feruloylated polysaccharides was promoted by the presence of 
exogenous FA in the culture medium, probably attributable to increased feruloylation 
of newly synthesised (non-radioactive) polysaccharides, facilitating an increase in 
cross-linking of soluble extracellular 3H-polysaccharides by increasing the number of 
potential cross-linking sites. 
Dimerisation of feruloylated polysaccharides occurs in the apoplast (cell wall and/or 
medium) of older (4 d) rather than younger (2 d) cultures (Fry et al., 2000) and the 
culture used in this experiment was 9 d old (3 d after the radiolabelling of 6-d-old 
cells). By 9 days, cells appeared to have reached their stationary phase; indeed their 
growth was possibly slowing by 7 or 8 days (Section 3.1; Fig. 3.1). It was surprising 
that cross-linking took as long as 9 days but perhaps, as already mentioned, this 
delay was due to the low inoculum density; with lower inoculum density the onset of 
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the stationary phase would be delayed. Treatments of Tyr and FA were not 
considered further because prevention rather than promotion of cross-linking was of 
primary interest. 
4 days after additives 
The next time period after additives to be considered was 4 days because cross-
linking was observed in the control between 3 and 4 days (Fig. 5.10). Catalase did 
not prevent cross-linking at the concentration used (10 units of activity per 4 ml) as it 
exhibited a profile almost identical to the control (Fig. 5.12). There was perhaps 
more H202 present than the catalase was able to remove or maybe the catalase was 
inactive by day 6 so H 202 could not be removed, allowing cross-linking events to 
take place. The lack of effect of catalase did not support the proposed role of 
peroxidase and H202 in causing the formation of high-Mr complexes; but neither did 
it disprove it because it was not known whether enough catalase had been used to 
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Figure 5.12 Formation of high-Mr complexes of soluble extracellular 3H-polymers of maize cells in 
suspension culture 4 days after treatment with various additives. K s,, profiles obtained 
after fractionation by GPC. Control (—), catalase  (—), SA (—), chlorogemc acid (—) and 
rutin (—). 
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Figure 5.13 Formation of high-M, complexes of soluble extracellular 'H-polymers of maize cells in 
suspension culture 5 days after treatment with various additives. Kay profiles obtained 
after fractionation by GPC. Control (—), SA (—), chiorogenic acid (—) and rutin (—). 
By 5 days, SA- and chiorogenic acid-treated cultures had approximately 9% of the 
3H-material previously eluting in Kay 0.1 to 0.5 appearing in the V0, thus these 
treatments delayed cross-linking of soluble extracellular 'H-polymers but did not 
wholly prevent them (Fig. 5.13). In the control the conversion of 1.2-MDa material 
to high-Mr complexes occurred between 3 and 4 days whereas the SA- and 
chiorogenic acid-treated cultures had not converted all the I .2-MDa material to high-
Mr complexes by 5 days; the partial prevention of conversion to high-Mi complexes 
suggests that the oxididation of the phenolic compounds was effective in delaying 
cross-linking. 
Rutin continued to prevent cross-linking; however, the culture (cells and medium) by 
this stage was quite black and it may be that the cells had died. Unfortunately, 5 d 
was the last time point taken and so the conversion of 1 .2-MDa material to high-Mr  
complexes by SA- and chiorogenic acid-treated cultures to the same extent when 
compared with the control, cannot be verified, and likewise positive evidence that 
rutin either resulted in delayed cross-linking or continued to prevent cross-linking 
was not obtained. 
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6 Discussion 
Xylan's involvement in many different roles in the PCW has been implicated. In wall 
assembly, xylan has been proposed (Brett et al., 1997; Migné et al.. 1994) to tether 
adjacent cellulose microfibnls in a similar manner to xyloglucan. Highly-substituted 
xylan has also been suggested (Carpita and Gibeaut, 1993) to replace pectin in 
graminaceous PCWs and by deduction possibly to perform similar roles such as the 
control of porosity. Conversely, xylan involvement in wall tightening by phenolic 
coupling has also been reported (Fry, 1979; Kamisaka et al., 1990). The wide array 
of possible substituents and the many populations of differing degree of substitution 
make xylan, the major hemicellulose in graminaceous monocot PCWs, a worthy 
component to study. Xyloglucan, the main hemicellulose in dicot PCWs, proposed to 
play a major role in restricting cell expansion, was also studied. The other main 
hemicellulose in graminaceous monocot PCWs, MLG, although featured heavily in 
the discussion of cell expansion, was not studied as it was a very minor component 
of maize cell-suspension PCWs (Fry, personal communication). The changes that 
take place in the cell wall over a long period of time (e.g. 6-d-old cells 3H-labelled 
for 7 d) will span periods of rapid expansion and also the onset of the stationary 
phase of the culture cycle. 
As plant growth occurs by cell expansion, requiring the modification of the cell wall 
constituents, especially hemicelluloses, it is informative to study these components 
as they change during growth. With fundamental differences between graminaceous 
monocots and dicots well established, the work carried out using maize cell-
suspension cultures was useful as a model for xylan and xyloglucan modification in 
graminaceous monocot PCWs. The data presented here provide information on the 
changes undergone by xylan and xyloglucan molecules of maize cell-suspension 
cultures. The changes in the relative concentrations and molecular weights of the 
hemicelluloses of interest add valuable data to the growing pool of knowledge 
relevant to the understanding of the mechanism and control of cell expansion. 
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The development of a method which did not degrade polymers was crucial in the 
determination of Mr changes during synthesis, incorporation and breakdown of 
[3H]xylan and [3Hjxyloglucan. The development of these methods reflects the care 
taken during the analysis to ensure that the Mr observed was not appreciably affected 
by the methods used for extraction. Homogenisation allowed the separation of 
protoplasmic 3H-polymers from cell wall 3H-polymers although there was a 
possibility that any very loosely-bound cell wall 3H-material may have contaminated 
the protoplasmic contents extracted. Gel-permeation chromatography successfully 
size-fractionated protoplasmic and culture medium polymers. In hindsight, 
Sepharose CL-213 would have been better employed in the size-fractionation of cell 
wall-bound 3H-polymers, especially [3H]xyloglucan, but the use of Sepharose CL-413 
provided valuable information nevertheless. The resistance of maize [ 3H]xylan to 
Dnselase digestion was discovered and the subsequent reduction in resistance by an 
acid pre-treatment was a simple yet effective step included, severe enough to remove 
xylan side-groups that cause resistance to Driselase but mild enough to avoid 
undesirable [3H]xyloglucan degradation. 
The definition of the median Kay was crucial for estimating the M, especially of 
high-Mr polymers which eluted partially in the V. The median Kay, by reference to 
the calibration of Sepharose CL-413, allowed large molecules to be assigned an M b.., 
value, which was necessary when evaluating Mr changes occurring in the separate 
compartments of the cell culture. 
Studying synthesis and breakdown of hemicelluloses in primary cell walls was 
possible by pulse-labelling of the cultures with L-[1- 3H]arabinose. The 'careers' of 
[ 3H]xylan and [ 3H]xyloglucan molecules, the polymers of principal interest, were 
charted over a 7-d period. Time-dependent changes in quantity and Mr of [3H]xylan 
and [3H]xyloglucan were monitored in each of three separate compartments: 
protoplasmic, cell wall and surrounding medium. The data presented, both 
quantitative and Mr-related, showed that the long 7-d period is required to chart these 
hemicelluloses' complete careers. Although by 2 h after the addition of [ 3H]Ara, the 
most interesting events in the protoplasm had been completed, dramatic changes only 
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occurred in the culture medium 2 d after the addition of [3H]Ara  and these changes 
continued for a further 5 d (2 d and 7 d, equivalent to 8-d-old and 13-d-old cells, 
respectively). In the cell wall, changes in concentration of [ 3H]xylan and 
[ 3H]xyloglucan were observed from 10 min to 7 days. By a study of the changes in 
[ 3H]xylan and [3H]xyloglucan over a 7-d period, the important changes occurring 
during rapid expansion and the cessation of growth could be observed. 
The quantitative increases and subsequent decreases observed in each of the cell 
compartments illustrated the synthesis and subsequent secretion of 3H-polymers from 
the protoplasm to the cell wall, where they became integrated before subsequent 
degradation or sloughing to the culture medium. The time taken for newly 
synthesised [3H]xylan and [ 3H]xyloglucan to reach the cell wall was estimated as 15-
20 mm, comparable with the lag time for production of 3H-SEPs; this transit time 
was slightly lower than that of proso millet cells in suspension culture, estimated at 
30 mm (Gibeaut and Carpita, 1991), that of rose cell-suspension culture, estimated at 
20-25 mm (Edelmann and Fry, 1992b) and that of tall fescue grass cell-suspension 
cultures at 20-30 mm (Myton and Fry, 1994), but similar to previous work on maize 
cell-suspension cultures (Fry et al., 2000). Between 15 and 30 min after the addition 
of [ 3H]Ara, the M of both [ 3H]xyloglucan and [ 3H]xylan increased dramatically 
(from 4x104 to 2x106). The reason for this was unclear as conventional explanations 
of addition of 3H onto elongating polymer chains in a steady state cannot explain the 
50-fold increase in M of the 3H-labelled population. A protein core, anchoring many 
lower-Mr polymers, is a real possibility; protein-linked xylan and xyloglucan have 
been reported previously (Campbell et al., 1988; Crosthwaite et al., 1994). 
Both wall-bound [ 3H]xylan and wall-bound [ 3H]xyloglucan concentration increased 
rapidly over the initial hour of 3H-labelling, before increasing more gradually and 
finally declining after 6 h. These changes in concentration suggested that the 
hemicelluloses accumulated in the cell wall and then were partially degraded and/or 
released from the cell wall. Soluble extracellular [ 3H]xylan and [3H]xyloglucan 
accumulated over the initial 2 h after 3H-labelling but did not increase significantly 
over the remaining 7-d period. The loss of wall-bound [3H]xylan  and [3H]xyloglucan 
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(6 h and onwards) was not accounted for as soluble extracellular [ 3H]xylan and 
[ 3H]xyloglucan. The fate of a large quantity of previously wall-bound [ 3H]xylan and 
[3H]xyloglucan remains unresolved, despite the drawing up of an exhaustive balance-
sheet for the cell culture, as 3H bound in the a-cellulose fraction or converted to low-
Mr 3H-products (e.g. 3H20) did not account for the 3H lost from the cell wall. 
An interesting finding, over the initial 40-min period (after the addition of [3H]Ara), 
was that the quantity of wall-bound [ 3H]xyloglucan appeared to be in excess of that 
of [3H]xylan  ([ 3H]xylobiose + [3H]xylose). It was surprising that such large quantities 
of wall-bound [ 3H]xyloglucan were accumulated, not just initially, but over the 7-d 
period, when xyloglucan has been reported as a minor constituent of graminaceous 
PCWs (Labavitch and Ray, 1978). Xyloglucan has been suggested to tether adjacent 
microfibrils (Fry, 1989), and with a glycan backbone, xylan may act in the same way 
as xyloglucan. As yet xylan has not been visualised tethering microfibrils. The large 
amount of [ 3H]xyloglucan accumulating in the cell wall suggested that xyloglucan 
may be involved in the same crucial cellulose—hemicellulose network in 
graminaceous monocots as it is found in dicots, controlling cell expansion. Other 
evidence supporting this is the structure of the xyloglucans, which occur in a less-
substituted form in graminaceous PCWs than in dicot PCWs, meaning that 
graminaceous xyloglucans are capable of binding much more strongly to cellulose 
than are dicot xyloglucans (Hayashi, 1989) and thus may have more influence on 
growth than expected from the smaller quantities present. 
The increase and subsequent decrease in M of wall-bound [3H]xylobiose-yielding 
polymers may reflect the integration of highly substituted xylans into the cell wall 
(during rapid expansion of cells) and the possible removal of side chains (during 
'ageing' of the cell). Protoplasmic [3H]xylan and [ 3H]xyloglucan reached 
maximum M values of 1.2-2.0x106 between 30 and 120 min after the onset of 3H-
labelling. Both of these 3H-polymers increased substantially in M upon reaching the 
cell wall. Newly synthesised [ 3H]xyloglucan in the protoplasm has been observed to 
increase dramatically in Mr following its integration by XET into a pre-existing 
xyloglucan—cellulose network (Thompson and Fry, 1997). The high Mr-values 
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observed for maize wall-bound [ 3H]xyloglucan suggested that newly synthesised 
xyloglucan was integrated into the cell wall immediately it arrived at the cell wall (as 
reported in rose (Edelmann and Fry, 1992b)) 
[ 3H]Xylan endotransglycosylase activity has not been reported, yet the increase 
in Mw must be attributed to a process such as transglycosylase action or phenolic 
cross-linking. Cell wall polymers are extracted using 6 M NaOH, which should be 
capable of breaking ester-based and some ether-based phenolic cross-links but not of 
hydrolysing an existing xylan backbone. The [ 3H]xylan secreted from the protoplasm 
increased in size when it becomes wall-bound. Wall-bound [ 3H]xylobiose-yielding 
polymers, in particular, increased in MH from 2.5x106 to 6.5x106. These large 
increases in Mr were probably reflecting the cross-linking of several high-M r 
polymers, or the integration of xylan into an existing wall-bound xylan molecule. 
The presence of high-Mr [ 3H]xylans and [ 3H]xyloglucans was another main finding 
of the present work. The Mr of the [3H]xyloglucan observed (predominantly excluded 
from Sepharose CL-4B) was much higher than that reported for rose xyloglucan, 
found (by similar analytical methods) to be at its highest only 2.4x10 5 (Thompson 
and Fry, 1997). 
The M of wall-bound [ 3H]xylan decreased, from 6.5x10 6 to 4.5x106 , 6 h after the 
addition of [3H]Ara.  The removal of side chains from highly-substituted xylan has 
been proposed to be related to growth-stage (Carpita and Whittern, 1986; Suzuki et 
al., 2000) and the stripping off of arabinose side-chains from xylan has been 
observed during maize seedling growth both with and without auxin treatment 
(Darvill et al., 1978; Gibeaut and Carpita, 1991). The removal of side-chains will 
result in the xylans becoming more tightly bound in the cell wall and indeed Gibeaut 
and Carpita (1991) found that [ 3H]xylans became more tightly bound with time and 
they attributed this partly to greater H-bonding between xylan and cellulose and 
partly to the formation of phenolic cross-links. 
The proportion of wall-bound [3H]xyloglucan  which could not be assigned a Mr 
(estimated M >1.7x107) appeared to decrease during the 7-d period, possibly 
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suggesting sloughing into the medium; correspondingly, lOWMr [ 3H]xyloglucans did 
appear in the medium. The release of [ 3H]xyloglucan into the medium during the 
growth of cells in suspension culture was expected (Kakegawa et al., 2000; 
McDougall and Fry, 1991; Thompson and Fry, 1997) following the structural 
rearrangement of the cell wall (Joseleau et al., 1992). The high-Mr [3H]xyloglucans 
in the medium did not change substantially in size until they became cross-linked and 
the dramatic increase in Mr was observed. It is likely that the increase in Mr of 
[ 3H]xylan and [ 3H]xyloglucan was attributed to phenolic coupling, as the maize cells, 
of graminaceous monocot type PCWs, will have a high phenolic content; the 
phenolic components will aid cross-linking, which is observed to accompany the 
cessation of growth. Phenolic cross-linking of [3H]xylan may occur through a 
combination of linkages and residues, [ 3H]xyloglucan cross-linking may occur partly 
through esterified feruloyl groups on xylose residues (Ishii et al., 1990; Ishii and 
Hiroi, 1990) but also through phenolic linkages more resistant to alkali treatment. 
Cell expansion occurred in the cell-suspension culture over the period of study, the 
former half of which, up to 2-3 days after the addition of [ 3H]Ara (cells were 6-d-old 
when [ 3H]Ara was added), represented the period of rapid expansion and the latter 
half of which represented the cells approaching their stationary phase (Section 3.1; 
Fig 3.1). Concurrent with this time-period were the dramatic increases in Mr values 
of [3H]xylan  and [ 3H]xyloglucan, observed in the culture medium, suggesting that the 
increases in M were attributable to the phenolic cross-linking, which is observed to 
accompany the cessation of cell growth. 
The tendency for xylan and xyloglucan to aggregate was illustrated by the changes in 
Mr observed during storage of the samples, although xylan and xyloglucan were both 
able to be returned to their original apparent Mr without any discernible degradation 
by the use of a second alkali treatment. The high-M r 3H-samples (formed in vivo) 
were studied extensively in an attempt to establish that they had their 'true' Mr. The 
investigation, using many different GPC eluents, alkali and enzyme digestion, 
suggested that the very high-M r wall-bound 3H-hemicelluloses were truly of the Mr 
estimated. 
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An additional possible explanation for 'high-M r' polymers may be the presence of a 
xylan—xyloglucan complex. Xylan—xyloglucan and pectic-xylan—xyloglucan 
complexes have been isolated from cell walls and have been proposed to be linked 
through a covalent linkage and to be of high-M r (Coimbra et al., 1995). The co-
elution of high-Mr xylan and high-Mr xyloglucan may represent a complex of the two 
hemicelluloses. Other complexes that could have been responsible for a high Mr were 
glycoproteins. Proteinase treatments suggested that a glycoprotein structure was not 
responsible for the high Mr observed for the 3H-hemicellulose. However, the 
resistance of a xylan—protein complex to the enzyme treatment may possibly account 
for the lack of any major change in apparent Mr-distribution of 3H-hemicelluloses 
overall. It has been suggested before that possibly xylan-insolubility after proteinase 
treatment was due to failure to digest the protein moeity of a xylan—protein complex 
(Nilsson etal., 1999). 
In comparisons of the treatments used to minimise high-M r complexes or 
aggregation, the apparent M r-distribution of total 3H-polymer (rather than specifically 
[ 3H]xylan or [3H]xyloglucan)  was considered, with the exception of some of the 
alkali treatments. Comparison of the M of total 3H-polymer with the M of 
[3H]xylan or [3H]xyloglucan showed substantial differences. This was attributed to a 
large proportion of the radioactivity in total 3H-polymer being present in 
[3H]arabinose residues. This suggests that changes in [ 3H]xylan and [ 3H]xyloglucan 
Mr distribution may be masked by changes in [ 3H]arabinose-containing polymers 
which dominate the Mr distribution profiles. It is, however, believed that an effect 
would have been observed nevertheless as a high proportion of the [3H]arabinose  was 
probably present in xylan. Highly-substituted xylan has 6 out of every 7 xylose 
residues arabinosylated. Thus, at 60 min after 3H-labelling, when [xvlosv/- 3H]xylan 
accounted for 26% of the wall-bound extract, a further 22% (6/7x 26) of the total 3H-
polymers may have been in [arabinosyl-3H]xylan. This percentage will be even 
higher if specific activity of the [ 3H]Ara residues was 2-3 times greater than that of 
the [3H]Xyl residues as has been reported by Wende and Fry (1997b). 
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The investigation of high-Mr complexes using alkali treatments highlighted that the 
increases in M, occurring in the culture medium, were due to the formation of strong 
covalent linkages. Some GAX is cross-linked by diferuloyl esters but much more of 
the hemicellulose is found to be involved in cross-links with phenolic components 
which make the GAX much less susceptible to alkali extraction (Carpita, 1986). This 
is consistent with my data as mild alkali at room temperature, sufficient to break 
ester bonds and release all ester-bound ferulic, diferulic and p-coumaric acid, did not 
degrade the high-Mr complexes which had formed in the medium 2 d after the 
addition of [3H]Ara.  Phenolic compounds, held by benzyl—sugar ether bonds, are 
released by alkali treatment at high temperatures (4 M NaOH, 170°C, 2 h) but have 
also been released by a mild alkali hydrolysis providing that the alkali step was 
preceded by an acid treatment (Iiyama et al., 1990; Lam et al., 1990). Both these 
steps would be unsuitable prior to size-fractionation of polymers as the pre-
treatments would reduce the apparent Mr either by degradation of the polymer 
backbone (high temperature) or by stripping off of side-chains. The alkali treatments, 
successful in 'disaggregating' the very high-Mi soluble extracellular [ 3H]xylan and 
[ 3H]xyloglucan, suggested that alkali-labile bonds, more resistant than feruloyl 
esters, were present and played a significant part in the extracellular cross-linking of 
xylan and xyloglucan. 
Preliminary work aimed at probing the mechanism of cross-linking of soluble 
extracellular 3H-polysaccharides ( 3H-SEPs) in the culture medium gave interesting 
results. The in-vivo formation of high-Mr complexes of 3H-SEPs was delayed by 
sinapic acid, chlorogenic acid and rutin but promoted by ferulic acid and tyrosine. 
The exclusion of rutin and chlorogenic acid from the protoplasm, owing to the 
hydrophillic groups they contain, suggested dimerisation did not occur solely in the 
protoplasm. Although the [ 3H]xylan and [ 3H]xyloglucan M distribution profiles were 
not studied, the evidence from changes in soluble extracellular [ 3H]xylan and 
[ 3H]xyloglucan suggests that both hemicelluloses were cross-linked via phenolic 
groups. 
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An insight into fundamental biochemical processes involving cell wall constituents is 
vital for our progression towards a complete understanding of cell wall assembly and 
expansion. The study of hemicelluloses is essential because they constitute a large 
proportion of the dry weight of PCWs and are proposed to perform a major role in 
holding the cell wall together as well as allowing it to loosen during expansion. 
Elucidating one aspect of such a complex system as the PCW is problematic as was 
illustrated by the unexpected obstacles encountered during the period of study. These 
problems were overcome in achieving the aim of the study which was to map the 
'career' of a hemicellulose molecule in maize cell-suspension culture. The data 
suggested the synthesis of xylan and xyloglucan molecules in the protoplasm, their 
secretion and subsequent wall-binding, followed by turnover to and further 
modification in the medium. This study has added fundamental data on 
hemicellulose to the growing body of knowledge of plant cell walls. 
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Synthesis and Metabolism of Cell Wall Hemicelluloses in Maize Cell Suspension 
Cultures 
Ellen M. Fowler 
The Edinburgh Cell Wall Group, IcMB, The University of Edinburgh, King's Buildings, Edinburgh 
EH9 3JH, U.K. 
Background Graminaceous monocotyledons have been shown to have 
fundamentally different primary cell wall compositions from the dicotyledons [11 
with the main hemicellulose being glucuronoarabinoxylan (GAX) rather than 
xyloglucan. Therefore, similar investigations of hemicellulose metabolism are 
required in a graminaceous monocotyledon such as the commercially important 
maize to complement existing work already done on dicotyledons. 
Xyloglucan is synthesised in the Golgi bodies before secretion through the plasma 
membrane into the cell wall where it becomes bound. Pulse—chase labelling of rose 
cell suspension cultures has shown newly synthesised xyloglucan of approx. 180 kDa 
in cell walls [2]. 
Methods Radiolabelling of fast growing maize cells was carried out using 
[H]arabinose to label xylose and arabinose in both the xyloglucan and xylan 
fractions. The incorporation of 3H was observed at intervals over a 4h period before 
the cells were killed in 6 M NaOH. Isolation of the hemicellulosic extract and 
fractionation down a Sepharose CL-413 column was carried out followed by enzymic 
digestion to release radiolabelled diagnostic monosaccharides and disaccharides. 
Results Preliminary results have shown small amounts of high molecular weight 
[ 3 H] xyloglucan and high molecular weight [ 3H] arabinoxylan to be synthesised. 
Columns have been run in either high salt or chaotropic agents to minimise the 
possibility of the hemicelluloses aggregating and no change has been observed. In a 
Sepharose CL-613 column, maize xyloglucan had an estimated Mr in excess of 1 000 
000 which is much higher than the corresponding rose weight-average Mr of 217 
000. A similar trend has been seen with the xylan fraction with an estimated maize 
Mr of 100 000 and upwards compared to the weight-average Mr in rose of 69 000. 
Significants amounts of 3H labelled polysaccharide were found to be Dnselase 
resistant. On TFA hydrolysis these polysaccharides yielded predominantly [ 3H] 
arabinose and [ 1H] xylose in a 5:3 (Bq/Bq) ratio. 
Conclusion Maize cell walls contain higher molecular weight xyloglucan and GAX 
than rose. 
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Differences between the heniicelluloses of maize and rose cell-suspension 
cultures 
Ellen M. Fowler & Stephen C. Fry 
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Background: Fundamental differences in primary cell wall composition between 
graminaceous Monocots and Dicots have been well documented with the main 
hemicellulose of the former being glucuronoarabinoxylan (GAX) rather than 
xyloglucan [1]. Knowledge of the synthesis and post-synthetic modifications of 
hemicelluloses in graminaceous cell walls is essential to help understand growth in 
economically important grasses and cereals. 
Methods: L-[1-3H]Arabinose was used to radiolabel xylose and arabinose residues in 
the xyloglucan and xylan fractions of fast growing maize cells over a 4-h period. 
Hemicelluloses were fractionated according to Mr on Sepharose CL-413 and then 
enzymically digested to release radiol abelled diagnostic products (i sopri meverose, 
xylobiose etc.). 
Results: In maize, xylans and xyloglucans (Mr 100 000 and 1 000 000, respectively) 
appeared to be larger than in rose (M 69 000 and 217 000, respectively [2]). To 
minimise any hemicellulose—hemicellulose and hemicel lulose—column interactions, 
we carried out the Sepharose chromatography in a range of eluents including 
chaotropic agents, metal chelating agents, 0.1 M cellobiose and high pH. None of 
these eluents suggested Mr values different from those found in pyridinelHOAc/H20 
(1:1:23, pH 4.7), the eluent normally used. 
Another peculiarity of the hemicellulose of the maize culture is the presence of 3H-
labelled polysaccharides resistant to Driselase digestion. On TFA hydrolysis these 
polysaccharides yielded predominantly [ 3H]arabinose and [ 3H]xylose in a 5:3 
(Bq/Bq) ratio. After partial hydrolysis with TFA, these polysaccharides became 
Driselase-digestible to xylobiose, xylose and arabinose. 
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Background Fundamental differences in the primary cell wall composition of 
graminaceous monocots compared to dicots have been well documented with the 
main hemicellulose of the former being glucuronoarabinoxylan (GAX) rather than 
xyloglucan [1]. The synthesis, secretion and wall binding of a hemicellulose 
molecule as it is made in the Golgi bodies, and transported via vesicles to the cell 
wall where it may become bound within the wall matrix, remain to be fully 
elucidated, especially in graminaceous monocots. Pulse—chase labelling can be used 
successfully to monitor the 'life' of a hemicellulose molecule [2]. 
Methods L-[1-3H]Arabinose was fed to fast growing maize cells to radiolabel xylose 
and arabinose residues in the xyloglucan and xylan fractions, which were then 
extracted in 6 M NaOH. Unmetabolised [ 3H]arabinose was removed using Bio-Gel 
P-2 before fractionation according to Mr of the hemicelluloses on Sepharose CL-413. 
TFA hydrolysis followed by enzymic digestion released radiolabelled diagnostic 
monosaccharides and disaccharides identifiable using PC. 
Results Efficient extraction of 3H-labelled hemicellulose from the primary cell walls 
of maize in cell-suspension culture was possible using alkali treatment (6 M NaOH, 
37°C, 24 h). Enzymic digestion to release radiolabelled diagnostic products 
(isoprimeverose, xylobiose etc.) had previously allowed identification of only 60-
70% of the 3H-hemicellulose; inclusion of a mild acid hydrolysis step was found to 
diminish the amounts of Driselase indigestible material while increasing the yield of 
xylobiose, xylose and arabinose but leaving isoprimeverose levels unchanged. The 
Driselase resistant material, thought to be arabinoxylan, was present in maize but not 
rose hemicellulose, reinforcing the evidence of differences between dicot and 
graminaceous monocot primary cell walls. 
Storage of xyloglucan at —70°C resulted in an increased apparent Mr. It is unclear 
what phenomenon is behind this increase but I believe a second treatment of 6 M 
NaOH (shaken at 37°C) is effective in minimising possible aggregation without 
causing excessive degradation of the relevant polysaccharides.A new method of 
extraction was required as sonication, previously used to rupture cells, was found to 
decrease dramatically the viscosity of tamarind xyloglucan. Homogenisation, 
however, has been found effective in separating cell contents from wall bound 
material and culture filtrate, without causing detectable cleavage of xyloglucan. 
Work is currently underway to characterise by Mr the 3H-hemicellulose present 
within different compartments of the cell in suspension culture. 
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Background Plant cell growth occurs with seemingly conflicting requirements of the 
cell wall: loosening to allow expansion without compromising structural integerity. 
Load-bearing crosslinks between cellulose microfibnls and hemicelluloses are 
proposed to contribute much of the wall's tensile strength [1,2]; thus knowledge of 
the synthesis and post-synthetic modifications of hemicelluloses will help give 
insight into the modification of the cell wall itself during growth. Although 
xyloglucan and glucuronoarabinoxylan are both present in the primary plant cell wall 
their composition and amounts vary considerably between dicots and graminaceous 
monocots [3].  Maize has been chosen as a model graminaceous monocot to help 
understand growth of economically important grasses and cereals. 
Methods L-[1-3H]Arabinose was fed as a —1-h pulse to fast-growing maize cell-
suspension cultures to radiolabel pentose residues of xyloglucan and xylan [4]. At 
intervals thereafter, aliquots of the radiolabelled culture were separated into three 
fractions: (a) protoplasmic, (b) cell wall-bound and (c) medium. Each fraction was 
then desalted on Bio-Gel P-2 and further fractionated according to Mr on Sepharose 
CL-413. Mild TFA hydrolysis followed by Driselase digestion released radiolabelled 
monosaccharides and disaccharides (identifiable using PC), diagnostic of xylans or 
xyloglucans. In this way, the changing size-profiles of the two major hemicelluloses 
were monitored as these 3H-polymers 'aged' in vivo. 
Results and Discussion As expected the total 3H-polymer in the intraprotoplasmic 
fraction increased initially (from 15 min to 30 mm) and thereafter decreased steadily; 
that in the cell wall fraction also increased (up to 2 h) before a steady decline was 
recorded, and that in the culture medium steadily increased until 3 h when the total 
was seen to plateau. 
The formation of alkali-labile bonds was observed within the culture medium over 7 
days by an increase in 3H-polymer with Mr >5 000 000. Mild alkali failed to split 
these bonds whereas a treatment with 6 M NaOH, 37°C, 24 h (equivalent to the 
extraction of cell wall hemicellulose) broke down the high Mr complexes, indicating 
the presence of bonds more resistant than ester linkages. 
Within the cell wall a large proportion of the 3H-polymer (extracted in 6 M NaOH, 
37°C, 24 h) was seen at Mr > 5 000 000. This accounted for 26-57% of the [ 3H]xylan 
and 60-80% of the [ 3H]xyloglucan. For both [3H]xylan  and  [3H]xyloglucan,  this 
percentage decreased from 30 min to 120 mm. Shifts in the average Mr of the 
remaining [3H]xylan and [3H]xyloglucan were also observed. Combined these results 
give evidence for the modification of hemicelluloses within the cell wall. 
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Background Plant cell wall polymers may undergo oxidative phenolic coupling 
reactions resulting in strengthened cell walls during ageing or in response to 
pathogenic attack. Feruloyl groups, found ester-linked to arabinoxylan and 
xyloglucan, can insolubilise polysaccharides by forming diferulate cross-links 
between adjacent polymers; tyrosine (Tyr) residues in hydroxyproline-rich 
glycoproteins can oxidatively cross-link to form isodityrosine and related trimers and 
tetramers, insolubilising glycoproteins. These types of interaction are relevant to the 
formation of high-Mr complexes of hemicelluloses in the culture medium which was 
highlighted during previous work [1]; soluble extracellular polysaccharides (SEPs) in 
maize cell cultures were seen to increase from 1.76 MDa at 30 min after synthesis to 
2.32 MDa at 2 days and to >5 MIDa by 3 days. The ability of various additives to 
minimise high-Mr complex formation in the culture medium has now been tested; 
additives were chosen as they were considered to be scavengers of either H202 or 
free radicals. 
Materials and methods L-[1- 3H]Arabinose was fed to fast-growing maize cell-
suspension cultures to radiolabel pentose residues of xyloglucan and xylan. After 2 d, 
4-ml aliquots of culture were aseptically transferred to 60-ml Sterilin pots containing 
various additives (final concentrations are quoted): catalase (2.5 units/ml), 10 MM 
dithiothreitol (DT!'), 2.6 mM Tyr, 1.0 mM ferulic acid (FA), 1.0 mM sinapic acid 
(SA), 1.0 mM rutin and 1.0 mM chlorogenic acid. Cultures were analysed each day 
for the next 5 d for changes in fresh weight and changes in Mr of 3H-SEPs following 
fractionation on Sepharose CL413. 
Results None of the treatments, except DT!', adversely affected the growth of maize 
cells. Cross-linking of the 3H-SEPs, forming high-Mr complexes, occurred in the 
absence of additives between 5 and 6 days after radiolabelling. Catalase did not 
affect cross-linking at the concentration used. Tyr and FA promoted cross-linking of 
3H-SEPs in the medium compared with untreated controls; this may have been 
caused by increased feruloylation of newly synthesised (non-radioactive) 
polysaccharides, facilitating an increase in cross-linking of 3H-SEPs by increasing 
the number of potential cross-linking sites. SA, chlorogenic acid and rutin all 
prevented cross-linking up to at least 7 d after radiolabelling, suggesting that 
oxidation of these additives protected the 3H-SEPs from being oxidatively cross-
linked. Rutin continued to prevent cross-linking after 7 d. 
Conclusion Cross-linking, probably by oxidative phenolic coupling, of 3H-SEPs 
occurs in the medium, abruptly, several days after secretion and may be promoted by 
increased feruloytation of polysaccharides or delayed in the presence of a competing 
substrate. 
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